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(57) Abstract: A iwo-sux>ke inlcmal combustion engine is disclosed having opposed cylinders, each cylinder having a pair of op- 
posed pistons, with all tlic pistons conoecicd lo a common cenmil crankshaft. Tlie inboard pisions of each cylinder are connected to 
the crankshaft with puslirods and ihe outboard pisions are connected to the crankshaft witli puUrods. Each opposed cylinder further 
comprises an integrated scavenge pump for pro\iding posim'c intake pressure. Tliis conDguralion results in a compact engine wiili a 
very low profile, in which the free mass forces can be substantially balanced. The engine configuration also allows for asxTnmelrical 
liming of the iniake and exhaust ports tIuT)ugh angular positioning of tlie journals on the crankshaft 
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INTERNAL COMBUSTION ENGINE 
Inventors: Peter Hofbauer and Adrian tusinean 

RELATED APPLICATION 

TMs application claims priorit)' from U.S. Provisional AppUcation Serial 
Number 60/482,772, illed June 25, 2003, and tiie contents of which are hereby 
incorporated by reference as if recited in fnll herein for all purposes, 

HELD OF THE im^NTION 
Ite present invention relates generally to two-stroke internal combustion 
engines, and more specificaUy to a two-stroke internal combustion engine having a 
pair of opposed cylinders, each cylinder having a pair of opposed pistons. 

BACKGROIMD OF THE INVENTION 
The design and production of internal combustion engines for Ihe automotive 
and light aircraft industries are weD-developed fields of technology. To be 
commercially viable, any new engine configuration must, without sacrificing 
performance, provide significant improvements in the areas of energy and raw 
material conservation (especially the improvement of fuel ccmsun^tion). 
enviromnental protection and pollution conlrol. passenger safety and comfort, and 
competitive design and productionmefhodsfhatreducecostaad weight An 

improvement in one of these areas at the expense of any other is commercially 

•unacceptable. 

AnewengineconfigurationmnstbemechanicaUyshnplesolhatmechamcal 
. losses are inherently mmimized, and must be well-suited to maximizmg combustion 
efficiencies and reducing raw emissions, to particular, a new engine configuration 
shonld specifically address fee most significant sources of fiiclion in internal 
combustion engines to reduce mechanical losses; should have combustion chambers 
of a volume and design suitable for optimum combustion efficiency, and should be 
adaptable to utilizing advanced supercbargmg and fiael hgection techniques. 

Anew engine configuration shonld be lighter in weight and preferably havea 

reduced height profile for unproved installation suitabihty and passenger safety. For 
automotive appHcations,areducedhei^tprofilewouldpennit1heengineto.fit under 
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the seat or floor area. For light aircraft applicatioiis, a short profile would pemit 
instaUation of the engine directly within the wing, without the need for an engine 
cowling. 

A new engine configmatian should be dynamically balanced so as to minimize 
noise and vibration. Ideally, the smallest practical implementation of the engine, such 
as a two-cylinder version, should be folly balanced; larger engines could then be 
constructed by coupling smaller engines together. At low-load conditions, entire 
portions of file engine (and their associated mechanical losses) could then be 
decoupled without unbalancing the engine. 

Despite the promise of external continuous combustion technologies such as 
Stirhng engines or fod cells with electric motors to eventually provide low-emission 
high-efficiency engines for automobiles and light aircraft, these technologies will not 
be liable alternatives to internal combustion engines in the foreseeable future due to 
their inherent disadvantages in wei^t, space, drivability, energy density and cost. 
The internal combustion piston engme will for many years continue to be the 
principal powetplant for these ^hcations. 

The four-stroke internal combustion engine currently predominates in the 

automotivemarket,withthefourcylinderin-Uneconfigurationbeingcommon. The 
need for at least four cyhndeis to achieve a suitable rate of power strol* production 
dictates fte size and sh^e of this engine, and therefore also greatly limits flie 
designers' options on how the engme is placed within the veUcle. The small C3*nders 
of these engines are typically not optimal for efficient combustion or the reduction of 
raw emissions. Tie four cylinder in-line configuration also has drawbacks with 

iespecttopassengercornfort,smcelfaerearesignificantunbalancedfiee-massforc^^ . 
25 which result in high noise and vibration levels. 

It has long been recognized by engine designers that two-stroke engines have a 

significant potential advantage over four-stroke engines in that each cylinder produces 
a power stroke during every crankshaft rotation, which should aUow for an engine 
with half flie nmnber of cylinders when compared to a fom-strx,ke engine haviig the 
same rate of power stroke production. Fewer cylinders would result in an engme less 
mechanicaUycongjIexandlessbuIky. Two-stroke engmes are also inherently less 
mechanically complex than four-stroke engmes. m that tiie mechanisms for opening 
and closing intake and exhaust ports can be much sixaplec. 
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Two-Stroke engines, however.have seen limited me because Of several 
perceived drawbaclcs. Two-slroke engmes have a disadvantage m mean effective 
pressure (i.e., poorer volumetric efficiency) over four-stroke engines because a 
significant portion of each stroke must be used for the removal of the combustion 
5 products of the preceding power stroke (scavenging) and &e replenishment of the 
oombustion air, and is therefore lost from the power stroke. Scavenging is also 
inherently problematic, particularly when the engine must operate over a wide range 
of speeds and load conditions. Two-stioke compression-ignitiou (Diesel) enginesare 
kno^m to have other drawbaclcs as well, including poor starling characteristics and 
10 high particulate emissioiis. 

Modem supercharging and feel mjectiou methods can overcome many of flie 
linutations previously associated with two-stroke engines, making a two cyliuder two- 
stroke engine a viable alternative io a four cylinder four-sfioke engme. A two 
cylinder two-stroke engine has Ihe same ignition frequency as a four cylinder four- 
15 strokeengine. If Ihe two-stroke engine provides a mean effective pressure 2/3rds^t 
of the four-stroke, and the effective displacement volume of each cyhnder of the two- 
stroke is increased to 3/2 lhat of the four-stroke, then liie two engines should produce 
comparable power output The fev^'er but larger combustion chambers ofthe two- 

siroke would beabetter configuration for improvement of combustion efficiency and 
20 reduction of raw emissions; the two- stroke could also dispense with the valves of the 

four-stxoke engine, thus permitting greater flexibiUty in combustion chamber design. 
Current production engines are also known to have significant sources of 

fiiction loss; increased engme efficiency can be achieved by reducing these fricHon 

losses. The largest sources of friction loss in current production automotive engmes, 
25 accounting for approximately half of aU friction tosses, are the result of the lateral 

forces producedbytherotatingcomiecting rods acting on fliepistons, pushing them 

agamstlhecylmder walls. The magnitudes of these losses area fimction of the 
crankshaft throw, r, divided by flie comiecting rod length, /; &e mtio is often 
designated X (lambda). Decreasbg either by increa^g the effective connectmg 
■ 30 rodlengfliordecreasinglhecrankshafttoow.potentiaUyyieldsthegreatestover^ 

reduction in friction loss. 

The losses due to fte contact of the pistons (or more correctly, Ihe piston 
rings) with the cyhnder walls are also a function of the mean velocity of the pistons 
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with respect to the cylinder walls. If the pistons can be slowed down while 
maintaining the same power output, Motion losses will be reduced. 

Anoflier significant source of friction lo^ in current production engines are 
Ihe large forces acting on the crankshaft main bearings. A typical four cylinder in- 
line engine has five crankshaft main bearings, which are necessary because there are 
literally tons of combustion force pushing down on the cranlcshaft these forces must 
be transferred to the supporting structure of the engine. Both the crankshaft and the 
supporting stracture of the engine must be designed with sufficient strength (and the 
corresponding waght) to accommodate ftese loads. 



SUMMARY OF TBE INVESmON 
Embodiments of Ihe present invention provide a two cylinder two-stroke 
internal combustion engine having improved efficiency, a reduced height profile and 
lower weight for in^roved installation suitabiKfy. substantially total dynamic balance, 
15 and mechanical sinq)licity for reduced production costs. 

Accordingly, an engine mechanism is disclosed that utilizes a single 
crankshaft and two opposed cylinders with integrated scavenging pumps. Each 
cylinder contains opposed inner and outer pistons recq)rocably disposed to form a 
combustion chamber between &em. Pushrods are provided to drivingly couple the 
inner pistons to the crankshaft, andpuDiods to drivingly coiqjle the outer pistons to 
the crankshaft. 

Further in accordance with the invention, the pushrods share a common 
crankshaftjoumal as wefl as bothpair of respective pulliods each share a common 
journal for receiving the driving forces from the respective pullrods and pushrods. 
•Each cylinder has air intake ports and exhaust ports formed near its respective ends, 
controlled by fee respective inner ajid outer pistons. 

In accordance with embodiments of the invention, Ihe puUrod and pushrod 
journals for each cylinder are arranged asymmetrically so that the exhaust ports of fee 
associated cylinder open before its air intake ports open, and close before its air intake 
30 ports close. 

In accordance wife embodiments of fee invention, each inner piston on 'its end 
remote from fee combustion chamber has a smoofe end fece that is convexly curved 
in a plane perpendicular to fee longitudmal axis of the crankshaft. An associated 
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pushrod has a ooncavely shaped outer end surface that didingly engages the c^ed 
end fece of Ihe imiei- piston. This pushrod configuration serves to effectively lengthen 
the pushrods, thereby reducing fi^ction losses and improving dynaniic balance. 

In accordance wth embodhnents of the- invention, two pulkods for each 
cylinder are provided for receiving the dri^nng force from the outer pistons. The two 
pullrods are on opposite sides of the cylir^der, their imia ends enciichng an 
associated journal of the cranlcshaft, while their ends remote from the crankshaft ate 
coupled to a bridge that is pivotBlly coupled to the remote end of the respectively 

associated outer piston. 

Maximum power efficiency from an engine according to the present invention 
is best achieved by applying pressurized air to the intake porte of each cylinder. In 
accordance with embodiments of the invention, an engine ^ asj-mmetBC tmung 
indudes1^oscavengingpmnps,eachofwhicharemtegratedmtherespectiveleft. 

and right cylind^s and driven by respective outer pistons, are coupled to intake ports 
of an associated cyhnder to apply pressurized hnake fluid to the intake ports of that 
associated cylinder. 



BEIEF DESCRIPTION OF THE DRAWINGS 

Themventionis forther described mcomwction with the accompanying 

20 drawings, in which: 

Figure 1 is a partial cutaway isometric vim of an engine in accordance wi& 

an embodiment of the present invention; 

Figures 2 and 3 are top cross-sectional views of flie left cylmder in the top 
dead center and bottom dead center positions, respectively, in accordance with an 
25 embodiment of fllie present invration; 

Figure 4 is a cross-sectional side view of the left cyhnder. m accordance with 

an embodiment of the present invention; 

Figure 5 is aside cross-sectional Adew of a left cyhnder liner that defines in- 
part the left combustion chamber, m accordance with an embodiment of the present 
30 invention; 

Figure 6A is a cross-sectional view along fee cut line 6A-6A of Figure 5; 
Figure 6B is a cross-sectional view along the cut Ime 6B-6B of Figure 5 ; 
Figures 7A is a side and cross-sectional view of a left cyhnder hiier that 
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defines in-part liie left cambustion chamber and atleast one row of combination- 
intake ports at an intake end, in accordance with an embodiment of flie present 
invention; 

Figure 7B is a cross-sectional \'iew along the cut line 7B — of Figure 7A; 
Figure 8A is a graph representing symmetric timing of the opening and closing 
of tile intake ports and the exhaust ports as a fbmotion of crankshaft angle; 

Figure ^ is a graph r«presenting asymmetric timing of the opening and 
closing of tiie intake ports and the exhaust ports as a function of crankshaft angle in 
accordance with the present invention; 

Figure 9 is a side cross-sectional view of an engine wilii flie crankshaft at an 
angle of rotation of 270°. in accordance with an embodiment of the present invention; 

Figure 10 is a gr^h representing asymmetiic timing of tiie opening and 
closing of the intake ports and flie exhaust ports as a fiinction of crankshaft angle in 
accordance witii the present iuvention; 

Figure 1 1 is a side cross-sectional view of an engine with a sUding cylinder 
linear in accordance wifli an embodiment of the present mvention; 

Figure 12 is a side cross-sectional view of tiie left cylioder inclndmg a left fece 
and left innerpiston combustion fece near top dead center forming a torroidal 
combustion chamber, in accordance wifli an embodiment of tiie present invention; 

Figures 13A and 13B are partial cross-sectional views of an engine including 
tiie left cylinder con5)rising an intemiittKit-contact spa± ignition system in a 
disengaged and engaged position, respectively, in accordance witii an embodhnent of 
the present invention; 

Rgme 14 is a partial cross-sectional view of tiie left cylinder comprising a 
sliding-contact ignition system, in accordance wifli an embodiment of tiie present 
invention; 

Figure 15A is a partial side ooss-sectional view of a left outer piston head 
wherein tiie glow phig extends into a spherical cavity formed in tiie left outer piston • 
head extending from tiie left inner piston combustion fece, in accordance witii an 
30 embodiment of the present invention; 

Figure 15B is a partial side cross-sectional view of a left outw piston head 
wherein tiie glow plug extends into a swiri cavity fbnned in flie left outer piston head 
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eKtendmg from tiie left amer piston combustion face, in accordance with an 
embodiment of the present invention; 

Rcnire 15C is apartial side cross-seotioBal view of a left outer piston bead . 
whereintiie glow plug extends into a cavity bottnm of an elongated cavity fonned xn 
5 the left outer piston head extending from the left inner piston combustion fece, m 
accordance with an embodiment of the present invention; 

Hgure 16 is a top exploded cross-sectional view of the crankshaft, left/nght 
pullrods and left/right pushrods. in accordance with an embodiment of the present 
invention; 

10 Figure 17 is an assembled top view of the embodiment of Figure 16; 

Figure 18 is an isometric exploded view of the leftMght pushrods, the second 
and third cxBnl^haft components, andtiie second ionerbearing.inaccordancewithan 

embodiment of the present iir\'ention; 

Figure 19 is an isometric assembled view of a crankshaft, in accordance wi& 

15 an embodiment of the present invention; 

Figure 20 is a cross-sectional isometric assembled view of the crankshaft of 
Figure I9^in accordance vnth an embodunentoflie present invention; 

Figure21 is a partial cutaway isometric view of an engine, in accordance wilh. 

an embodiment of the present invention; 
20 Figure22isapaitialcut-awayviewofabalancingsystemcomprisinga 

balancing^system housing, a counter weight, and a planetary gear assembly, in 
accordance with an embodiment of ^le present invention; 

Figure 23 is a cross sectional view along the cut line 23-23 of Figure 3 
showing the left bridge comprising a bridge concave surface that is adapted to be 
25 sUdinglyrecdvedinconvexpullsurfeceoftherightouterpistoninaccordancewith 

an embodiment of tiie present invention; 

Figure 24 is a schematic top view of an engine comprising a plurality of 
OPOC engines, coupled to a common cmnkshaft in side-by-side parallel relationship, 
in accordance wi1h an embodiment of the present invention; 
30 Figure 25 is a schematic front view of an engme comprising a plurality of an 

oddnumber of OPOC engine cylinders coupledto a common crankshaft in an 
equaUy-spacedradial relationship, in accordance wifla an embodiment of Ihepresent 
invention; and 
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Figure 26 is a schematic fiont view of an engine comprising a plviaiity of 
OPDC engines coupled to a common crankshaft in an equally-spaced radial 
relationship,, in accoidance with an embodiment of the present invention. 

^ DESCSRIPTrON OF THE EWENTTON 

In the following detailed descnptioD, reference is made to flie accompanying 
drawings v*ich fonn a part hereof wherein like numerals designate Hke parts 
. -throughout, andinwMchisshownby wayofiHustrationspecificembodimfintsin 
which the invention may be practiced. It is to be understood that o&er embodiments 
10 "^yl'eutilizedandstnicturalorlogicdchangesmaybemadewi&outdqjarti^^ 

the scope of the present invention. Therefore, flie Mowing detailed description is not 
to be taken in alimiting sense, and the scope of the present invention is defined by the 
appended claims and aeir equivalents. 

Figure 1 is a partial cutaway isometric view of an engine 10 in accordance 
with an embodiment of (he present invention. The engine 10 comprises a housing 103 
containing a left cylinder 1 00, an axially aligned ri^ cylinder 200 opposite the left 
cylinder 100, and a crankshaft 300 located there between. Figure 1 depicts the engine 
10 at a crankshaft angle of 0° or top dead center (TDC). 

Figures 2 and 3 are top cross-sectional views of the left cylinder 100 in the 
TDC and bottom dead center (BDC) positions, respectively, in accordance wifli an " 
embodiment of the presait invention.' As shown in Figures 1, 2 and 3. fee left cylinder 
100 comprises a left cylinder linerl30, a left outer piston 110 and a left imier piston 
120. The left cylinder hner 130 conq)rises a left cylinder liner outer surface 132 and a 
bore defining a left cylinder liner bore surfece 139. The left cylinder liner 130 fiirflier. 
comprises a left cylinder liner intake end 136 and a left cylinder liner exhaust end 
138. The left cyliiider liner intake end 136 comprises a plurBhty of left intake ports 
161 and the left cylinder liner exhaust end 138 comprises a pluraUty of left exhaust 
ports 163, which vnH be further described bdow. 

The left outer piston 110 comprises a left outer piston head 116 anda left 

outerpiston phmgerllSopposite the left outer piston headlie. The left outerpiston 
head 1 16 terminates at a left outer piston combustion fece 111. The left outa piston 
head 1 1 6 is adapted to be slidingly received in close fitting engagement with the left 
cylinder liner bore surfece 139 at the left cylinder liner intake end 136. 
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TTae left in^er piston 120 comprises a left i^mer piston head 126 aBd aleft 
i^erp.stonpushendl24opposite^elefti:3ner piston head. 126. TheleftiBner 
pistonbeadl26tenninatesataleft^erpistoncon.hustionf.oel21.Theleftn^^ 
pi^nhead 126 is adapted tobeshdingly received in close fittingengagemea^^^^ 
tl.e left cylinder liner bore surface 139at1he left cyhnderlin^r exhaust end 138 

The left outerpistonllO,theleftinnerpistoBl20,and1heleftcylinderhn^ 

130 define a left combustion dumber 150. 

cyMerlinerm.tigb. outer pis.on210«.da*.inne,pi*omThon8» 

eylWer liner 230co,=,rls.se.igb.eyli.*li--»-^^*=^''»" 
^«ng.r,8h.eylinaer)in.rbo,e.nr6cem Tl. right cylinder liner 230 Srtrer^ 
cnpHsesarisbt cylinder bnerinttec- 236 andari8»cylind«liner«th.n^«^ 

238 The rigb. cylinder lineri»«tke«^236oon:pri,.sapl.»a»y«Ms>«»^ 

261 and*, right cyanderMere^.»dMSco»td,esaplura«y of ■i^.e.th™^ 

5 poits263,whichwfflbefiirliierdesirf>edbdow. 

Tberi*tont«pi«>n210co.nprises.rigb.o,>..rpia«mhead2I6»dan*t 

„ntetpistonpLger21Soppoai.e«>engb.™.=xpi«»b.ad216. m*.c«er 
pto head 216 tOTinatea at a ri*» outer piaton cotnbttstion 6ce 211. ngbt 
„^piatonhead216ia.dap«.ob.aIidin,ly»«iv.dincloaefi.*g engagement 

Therigbtinoc.pii*»r220con,ptiae..ri*.inner!«onhe.d226andarrgbt 

i^pis„npnahe.d224oppo.i.ette,i6b.innerpiatc»head226. Tbenghtinn. 
pist„nhead226.ennin.«atar>ghtinnerpist<mcon.b.«ionfece22I. Tlrenght 

Ler piatonb^d 226 is »i^» be alidingly received in close fining engagem^t. 
25 «ft*ariS«cyiiBderbnerhores,,rito239..,hehgb.cylinderbnered».a.»>d 

238 

■ Tl.rightouterpiston2lO,1herightinnerpiston220.andtherightcyhnder 

Iijier2'<0de&jeari8>itoonibasticini4«mb«250. 

The left ,««pi*n no ».dfte.igh. cuterpisto. 210 areconpled to apatr of 

30 cc»«nio,nn.l..o-«pis"io-^'".-*'"— ^^^T!^, 
p*„1.0iaco»pledto(bec,a,iksbaf.300by>n«,naota,airoflcf.pullrod,41 

Lend,beraideof4ele£tcyanderlinerl00.Sinnlarly>e.igbt.u«>rp,s»n2^^ 

ofa,..i^cylinder200iaeo»pledtoftecr»W.ft300byt»origbtpullroda421. 
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Since the pulliods 41 1, 421 are typicaUy always in tension during nonnal engine 
operation and need only support a minor compressive force during engine startup, as 
will be fifffher explained below, they may be relatively tinn and therefore Ughtweight 
The long length of the puHiods 41 1, 421 relative to the csrankshaft throws serves to 
5 reduce fiiction losses in ±t engine 10. The pulliods 411, 421 and how they couple 
with the crankshaft 300 will be further described below. 

The left and ri^t pullrods 41 1, 421 are coupled to the left and right outer 
pistons 110, 210 by means of left and right bridges 170, 270. The left and right 
bridges 170, 270 comprise a bridge concave surface 173 that is adapted to be slidingly 
10 received in convex pull suifece 172 of the left outer piston 1 10, whidi will be fiirther 
described below. 

The left inner piston 120 and the right iimer piston 220 are coupled to a 
common journal, an inner piston journal 312, on the crankshaft 300. During nonnal 
engine operation, fee leflAightpushiods 412, 422 are always under compression. The 
15 left inner piston 120 of the left cylinder 100 is coupled to fee crankshaft 300 by means 
of a left pushrod 412; fee right inner piston 220 of fee right cylinder 200 is similarly 
coupled to fee cianlcshaft 300 by a right pushrod 422. The lefi/right pushrods 412, 
422 have left/right concave ends 413, 423 that ride on lefi/rigbt convex surfeces 125, 
225 on fee left/right inner piston push ends 124, 224 of fee lefi/right inner pistons 
120, 220, respectively. This arrangement serves to effectively lengthen fee pushrod 
lengfe, which reduces fiiction losses and helps dynamically balance fee engiue 1 0. 
The left/right pushrods 412, 422 and fee left/right convex surfeces 125, 225 wiH be 
iuifeer described below. 

The four pistons 1 1 0, 120, 2 10, and 220 have a pluraUty of piston rings 1 12, 
25 122, 212, and 222, respectively, located bofe behind the combustion feces 11 1, 121, 
21 1, 221 and finther along fee piston heads 1 16, 1 1 8, 216, 21S to prevent the escape 
of fluid from between fee piston heads 116, 118, 216, 218 and fee bore surfece 115, 
215. Additional piston lii^ may be employed. 

As stated above, fee left/ri^t cylmder Imers 130, 230 eachhave a plurahty of 
30 lefi/right intake ports 161, 261 and left/right exhaust ports 163, 263. On the left 
cylinder 100, by way of example, fee left outer piston 110 opens and closes fee left 
mlake ports 161. and fee left inner piston 120 opens and closes the left exhaust ports 
163. The timing of fee opaiing and closing of fee left/right intake ports 161, 261 and 
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left/right exhaust ports 163, 263 wiU be described below. 

The housing 103 is adapted to house the left cylinder 100, the right cylinder 
200, and the crankshaft 300. The housing 103 comprises a left cylinder canity 104, a 
right cyUnder cavitj' 204, and a cianlcsbaft cavity 304, adapted to house the left 
5 cylinder 100, fee right cylinder 200, and tire cranlcsbaft 300, respectively. The left 
cylinder cavity 104 defines a left plunger sHding surface 106 and temnnates with a 
left housing end cap 107. IHe left plunger 118 is adapted to be slidingly received m 
close fitting sealed engagement with the left plunger shdmg surface 106. The left 
plunger 1 18, the left housing end cap 107, and the left plmiger sliding surface 106 
10 define a first left scavenging chamber 1 05. 

The left cylinder cavity 1 04 is divided into two vohimes by a pair ofleft 
sleeve seals 123 : one defining m-pait the crankshaft cavity 304 and the other defining 
a secondleft scavenging chamber 109. The leftsleeve seals 123 ate tubular members 
eachhaving an imrer bore diameter adapted so that one of &e left puUrods 411 can 

15 pass therethrough. 

Figure 4 is a cross-sectional side vie«r of the left cylinder 100, m accordance 
with an embodiment of the present invention. The left sleeve seals 123 comprise a 
suitable cross-sectional shape, such as circular or elliptical, so as to accommodate the 
ran<^e of motion of the left pulliods 411 dming operation of the engine 10. As shown, 

20 lie kft pullrods 411 are in a lowered position whereinfhe crankshaft (not shown) is in 
the BDC position- 

Referring aaain to Figures 1-3, a sleeve end 169 of the left sleeve seal 123 is 
coupled to the left plmiger 1 1 g such that the left sleeve seal 123 is carried by tire feft 
plunger 1 18 as the left plunger 118 HanslalBS axially during engine operation. 
25 Hie left cylinder cavity 104. the left plunger 118, the left cylinder liner 130. 

and1heleftsleevesealsl23definethesecondleftscavengingchamb6rl09. The 

second left scavenging chamber 109 and the crankshaft cavity' 304 are sealed from 
fluid communicationby the engagement of eachof flie left sleeve seals 123 wilhleft 
sleeve sealiings 128 coupledto the housing 103. Hie left sleeve seal rings 128 are 
30 adaptedtoallowlietranslationoflheleftsleeveseals 123 therein while preventing 
fluid commnmcationbetween the second left scavenging chamber 109 and the 

crankshaft cavity 304. 

la one embodiment in accordance with the present invention, intake fluid is 
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commimicated through the second left scavenging chamber 109 and lubricating and/or 
cooling fluid is communicated througji the cianlcsiiaft cavity 304. 

The first left scavenging chamber 105 is in fluid communication with the 
second left scavenging chamber 109 by at least one first scavenging chamber port 
165, a left scavenging conduit 166, and a second scavenging chamber port 167, The 
first scavenging chamber port 165 provides fluid communication between the first left 
scavenging chamber 105 and the left scavenging conduit 166, and the second 
scavenging chamber port 167 provides fluid communication between the left 
scavenging conduit 166 and the second left scavenging chamber 109. 

Similarly, the right cylinder cavity 204 defines a right phmger sliding surface 
206 and terminates with a right housing end cap 207. The right plunger 207 is adq}ted 
to be slidingly received m close fitting engagement with the right plunger sUding 
surface 206. The right plunger 207, the right housing end cap 207, and tihe right 
plunger sliding surface 206 define a first right scavenging chamber 205. 

In substantially similar arrangement as the left cylinder 100, the right cylinder 
cavity 204 is divided into two volumes by a pair of right sleeve seals 223 : one 
defining in part fee crankshaft cavity 304 and the other defining a second right 
scavenging chamber 209. 



20 Scavenging Pomp 

The mechanical components that make up the first and second scavenging 
chambers 105, 205, 109, 209 are herein referred to as a scavenging pump. Scavenging 
pump operation wiU be described by way of example. Assume fliat the left cylinder 
100 is undergoing a power stroke wherein the crankshaft 300 is at 90° past nop dead 

25 center" (TDC), such as shown in Figure 2. During the power stroke, the left outer 
piston 11 0 and the left inner piston 210 are driven apart by the high pressure fluid 
within the left combustion chamber 150 produced during combustion. The left outer 
piston 1 10 and therefore the left outer piston phmger 1 18 is driven towards the left 
housing end c^ 107, which in tum decreases the volume, and increases flie pressure 

30 within tibie first left scavenging chamber 1 05, as shown in Figure 3 . 

At a predetermined pressure,- a one-way valve 168 adjacent the first 
scavenging chamber port 165, among other suitable locations, releases high-pressure 
fluid firom the first left scavenging chamber 105 through tiie left scavenging conduit 
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166 and into the second left scavenging chamber 109. At a predetennined time 
during the high-pressure fluid release from llie first left scavenging chamber 105, the 
left intalce ports 161 are opened to permit the Irigh pressure fluid in the second left " 
scavengmg chamber 109 to enter the left combustion chamber 150. 

5 The intake fluid in the second left scavenging chamber 109 is fijrflier 

compressed bylhe movement oftheleftouterpistons 110. In accordance with an 
embodimentofthepresentinvention^theleftexhaustports 163 are closed before the 
left intake ports 161, wherein Ihe pressme of the intake fluid fintixer increases as the 
left outer piston 110 moves distal to the crankshaft 300. 

10 During the compression stroke, Ihe left outer piston 1 10 and the left inner 

piston 210 are driven together by the leftpulhods 41 1 and die left pushrods 412, 
respectively. The left outerpiston 110 and therefore the left outer piston plunger 118 
is driven away from the left housing end cap 107, which in turn increases Ihe volume, 
and decreases the pressure mthin flie first left scavenging chamber 105. This closes 

15 the one-way valve 168 adjacent the first scavenging chamber port 165 and opens one 
ormoreone-way intake valves 182 in the left housing end cap 107, drawing in intake 
fluid there through. 



20 



Intalce Ports 

Figure 5 is a side cross-sectional view of a left cylinder liner 130 tot defines 
in-part die left combustion chamber 150, in accordance with an embodimeat of Ihe 
present invention. ITie left cylinder liner 130 comprises a left cylinder liner intake 
end 136 comprising at least one row of first intake ports 161 and atleast one row of 

secondintake porte 1 62. The left cylinder Imer 130 furflier comprises a left cylinder 
25 liner exhaust end 138 comprising at least one row of exhaust ports 163. 

Figures 6A and 6B are cross-sectional views of the first and second intake 
ports 161, 162 respectively, in accordance with an embodiment of the present 
invention. Each of flie first intalce ports 161 comprise a radial flow channel 164 that 
is adapted to direct intake fluid into the left combustion chamber 150 in a radial 
direction wi& respect to the left cylinder liner axisX-Xandataretrograde angle 

alpha in a direction away from the exhaust end 13 8 and towards the mtake controUmg 
left outerpiston 110, as shown inFigure 3. Tie radial flow chamiels 164 are adapted 
to direct intake fluid into the central region of die left combustion chamber 150 and 
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away fiomiiie left cylinder liner bore surfece 139. Detennination of a suitable 
retrograde angle alpha is dependent cm the pressure of the intake fluid suppUed to the 
first mtake ports 161, the pressure wiflun the left combustion chamber 150, intake 
fluid temperature, intake fluid vdoci^', mtake fluid composition, among others. A 
central intake-fluid zone flow pattern is established by the first intalce ports 1 61 • 
charactMized by a substantially-non-swiiiing fluid path. 

Each of the second intake ports 162 comprise a tangential flow channel 364 
that is adapted to direct intake fluid in a substantially tangential direction with respect 
to the left cylinder liner bore surfece 139 and at a retrograde angle beta in a direction 
away fiom the exhaust end 138 and towards the intake controlling left outer piston 
no, as shown inFignre 3. The tangential flow chamiels 364 are ad^ted Id direct 
intake fluid substantially along the left cylinder liner bore surfece 139. The tangential 
flow channels 364 are adapted to establish a side intalce-fluid zone adjacent the central 
intake-fluid zone and the left cylinder liner bore surfece 139. Determination of a 
15 suitable retrograde angle beta is dependent on the pressure of fee intake fluid 

supplying the second intake ports 163, pressure in the left combustion chamber 150, 
intake fluid temperature, intake fluid composition, among others. The flow pattern 
established by the second mtake ports 163 is characterized by a substantially-swirling 
fluid path in ttie combustion chamber 150. 

In operation of the OPOC engine 10. as the left outer piston 1 1 0 translates in a 
retrograde direction (away from the crank shaft), flie second intalie ports 162 open. 
The second intake ports 162 establish a back flow of the exhaust (combustion) fluid 
about the second intake ports 162 and later a swirl mtake-fluid flow pattern that 
displaces the exhaust fluid that lies adjacent the left cyUnder liner bore surfece 139 
because the centrifugal forces are pushmg the heavier cold mtake fluid away from the 
axis X— X As the left outer piston 110 translates fijrther in a retrograde direction, the 
first intake ports 161 are opened now m combination with the second intake ports 
162. The first mtake ports 161 estabhsh a central flow pattern that displaces the 
exhaust fluid that is found m the central region of the left combustion chamber 150. 
This central flow is at the beginmng not disturbed by the flow flirou^ fee second 
mtake ports 162 due to fee back flow when fee second intake ports 162 open. 

The combination of fee central intake-fluid zone flow pattern and fee side 
intalce-fluid zone adjacent fee central intake-fluid zone and fee left cylinder liner bore 
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surface 139 provides a relatively flat slug or fluid front 177 between the intake fluid 

175 and the exhaust fluid 176. men the fluid front 177 reaches Ihe exhaust ports 
163, the intake fluid 175 has ^bstantially scavenged or displaced the exhaust flmd 

176 from the left cylinder liner 130, 

Figures 7A and 7B are a side and cross-sectional view of a left cylinder liner 
1 30 that defines in-part the left combustion chamber 150 and at least one row of 
combination-intake ports 461 at an intake end 136, in accordance wilh an embodnnent 
ofthe present invention. Each of Ihe combination intalce ports 461 comprise a 
combination flow channel 464 comprising a radial surface 561 and a generally 
■ togential surface 661 that is adapted to direct intake fluid into Ihe left combustion 
chamber 1 50 in both a mdial and tangential direction with respect to the left cybnder 
hneraxisX-Xandataxetrograde angle gamma inadirection away fromihe exhaust 

end 138 and towards the intake controlling left outer piston 110. as shown m Figure 3. 
This combinationintake port 461 is particulady advantageous in small engmes 
5 wherefhereisinsufficientspacetoputinmuhipleiowsofintakeporte. Asinglerow 
1hat has integmted both fimctions: directing the flow toward the center of ihe left 
combustion chamber 150 while providing the necessary swirl is pro^dded. 

Figure 7A approxhnately illustrates the resulting flow pattern 117 m ftie left 
combustion chamber 150. In effect, a well formed front, or slug, of intake fluid 175 
0 extendssubstantianythewidlhoftheleftcombustionchamberl50andefectrvely 

displaces the exhaust fluid 176 from the combustion chamber 150 towards the exhaust 
ports 163. The combination of intake port geometry (height, width, length, radial, 
tangential, among others), imier and outerpistontiming, intake fluidpressure and 

temperatore, among others, provides that substantially all of the exhaust flmd 176 is 
25 displacedfromlhecombustionchamberlSOduringtheediaustphase. Also, the 
aboveparameters provide feat substantiallynopotentiaUyfixel-rich intake 

permitted to escape the exhaust ports 163. 

■n« mentioned flow pattern developed in the combustion chamber 150 

provides mcrease m engine performance and a greatly reduced emission of ftiel-rioh 

30 pollutants. . 

Figure 8A is a graph representing symmetric timing ofthe opening and closmg 
of Ihe inlakeports and the exhaust ports as a function of crankshaft angle. An intake 
port curve 22a shows the opemng and closing ofthe intake ports as a symmetric curve 
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about the axis m. An exhaust port curve 20a shows the opening and closing of the 
exhaust portsas a symmetric curve about the axis m and about the intake port curve 
22a. The exhaust port curve 20a shows that the exhaust ports open before the intake 
ports open, and the exhaust ports close after the intalce ports close. This timing 
5 configuration is not ideal, as there will be a pressure loss out of the last-closing 
exhaust ports. 

Figure 8B is a graph representing asymmetric timing of the opening and 
closing of the intake ports and the exhaust ports as a fimction of crankshaft angle, in 
accordance with an embodiment of the present invention. An intake port curve 22b 
10 shows the opemng and closing of the intake ports as a symmetric curve ofeet from 
the axis m. An exhaust port curve 20b shows the op^g and closing of flie exhaust 
ports as a symmetric curve about the axis m. The exhaust port curve 20b shows that 
the exhaust ports open before the intake ports open, and the exhaust ports close before 
the intake ports close. This timing configuration is suitable for maintaining or 
15 increasing pressure within the combustion chamber after the exhaust ports close with 
no loss out of the first-to-close exhaust ports. 

One relationship of pistons and connecting rods, with associated timing 
sequences, is described in fiirther detail in U.S. Pat 6,170,443 and PCT/US 03/08708 
entitled ENGINTE WITH POWER GENERATING CAPABILnY, which is under 
20 common ownership with tiiis application; and is incorporated hereni by reference in 
its entirety for all purposes. 

Other tuning sequences are appreciated. In one embodiment, asymmetric 
timing may be desired to reduce the complexity of the system. Various timing 
sequences in accordance with embodiments of the present invention are described 
25 herein. 

Referring again to Figure 1, the outer piston journals 3 1 1 and the inner piston 
journal 3 12 are uniquely positioned wifli respect to the crankshaft rotational axis 3 10. 
The inner piston journal 3 12 is further fi^m the crankshaft rotational axis than the 
outer piston journals 311, resulting m greater travel for the left/right inner pistons 120, 
30 220 than for flie left/right outer pistons 1 10, 210. Further, the inner piston journal 
312, which directly controls the translation of the left/right inner pistons 120, 220 
which open and close the left/right exhaust ports 163, 263 m the left/right cyhnders 
100, 200, are angularly advanced, while the outer piston journals 311 which directly 
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control the translation of the left/right outer pistons 110, 210, which open and cbse 
the intake ports, such as the first and second intalce ports 161, 162, are angularly 
retarded. 

The above configuration provides an asymmetric timing that has the exhaust 
5 ports 161 opening before the intake ports 161, 162 and the exhaiist ports 161 closing 
before the intake ports 161, 162 close. This arrangement prowdes that no intake fluid 
is permitted to exhaust through the exhaust ports 162, and for substantially complete 
scavenging of the combustion chamber 150. 

Referring again to Figures 2 and 3, the left outer piston 110 selectively opens 
10 and closes the intalce ports 261, 262, 461 to fecihtate desired timing of the intake fluid 
into the left combustion chamber 150. An embodiment in accordance vi'ith the present 
invention comprises asi-mmetric timing wherein at the end of the firing or power 
stroke, before bottom dead center (BBDC) exhaust ports 163 open at approxinxately 
75 degrees, measured as the amount of crankshaft rotation. And, flie second intake 
15 ports 162 open at approximately 45 degrees. Conversely, at the beginning of the 

compression s&oke, after bottom dead center (ABDC), the exhanst ports 163 close at 
approxmiately 45 degrees, and the second intake ports 162 close at approximately 55 
degrees, for example. 

20 Variable Port Timing 

Figure 9 is a side cross-sectional view of an engine 12 with the crankshaft 
1300 at an angle of rotation of 270", in accordance with an embodiment of the present 
invention. At this angle, the left outer and inner pistons 1110, 1120 of the left 
cyhnder 1100 are converged, with the left intake and left exhaust ports 1161, 1163 

25 being closed. The inlakefluidbstweenlheleftouterandinnerpistons 1110, 1120,is 

compressed there between. 

The right cylinder 1200 is con^leting its power sti^ke, wife the right outer 
and inner pistons 1210, 1220 having moved apart with the right intake and exhaust 

ports 1261, 1263 open. 
30 The amount oftime that the intake and exhaust ports 1161, 1261, 1163, 1263 

are open to bring m intake (pre-combustion) fluid and blow out exhaust fluid, 
respectively, is determined by a number of fixed and variable factors. The fixed 
fectors are, among others, the stroke length of the outer and inner pistons 1110, 1210, 
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1 120, 1220 axid fee distance between the intake and exhaust ports 1 161, 1261, 1 163, 
1263. The variable fectois include, aaaong other things, the engine speed and intake 
fluid pressure. 

The opening and closing ofthe intake and exhaust ports 1161, 1261, 1163, 
5 1263 is prefetentiaJly timed so as to aUow a substantiaUy conflate blowout of 
exhaust fluid from the respective left/right combustion chamber 1 150, 1250 by the 
incoming intake fluid, but not so long so as to allow intake fluid to exit the exhaust 
ports 1163, 1263. Insufficient blowout of exhaust fluid wiU reduce engine 12 
performance. Escape of intake fluid out ofthe exhaust ports 1163, 1263 contributes 
10 to aiiiwme pollution. 

The time in which the intelce and exbaast ports 1 161, 1261, 1 163, 1263 are 
open is directly related to engine speed, aU else being constant The intake and 
exhaust ports 1161, 1261, 1163, 1263 are open for a shorter period of time for a 
higher engine speed flian that for a slower engine speed. For a constant intake fluid 
15 pressure, the. amount of iatake and exhaust fluid displacement is therefore directly 
related to engine speed. An ideal complete displacement of exhaust fluid by intake 
flxiid is achievable for onlj' one engine speed. 
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Sliding Cylinder Liner 

In an embodiment in accordance wilJithe present invention, variable port 
timing is provided to adjust the time in which the intake and exhaust ports 1161, 
1261, 1163, 1263 are open relative to engine speed. Refening again to Figure 9, the 
housing 1 103 comprises a left cylinder cavity 1 104, a right cylmder cavity 1204, and 
a crankshaft cavity 1304, adapted to house the left cylinder 1 100, the right cylinder 
1200. and the crankshaft 1300, respectively. The left cylinder cavity 1104 defines a 
left cylinder liner bore 1134 ad^d to slidingly receive in close fitting engagement 
with the left cylinder liner 1 130. Suitable sliding seals (not shown) are provided 
between the left cylinder liner bore 1 134 and the left cylinder liner 1 130. 

Tbe axial location of the left cj'linder liner 1 130 relative to Ihe left cylinder 
liner bore 1 134 is prefisrentially contioDed. During slow engine speed operation, flie 
left cylinder liner 1130 is translated axially towards the crankshaft 1300. The 
movement ofthe left cylinder liner 1 130 towards the crankshaft 1300 effectively 
shortens the time in which the left exhaust ports 1163 are open. In an extreme 
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example, the left cvlinder li.er 1 1 30 moves au axaal distaace towards fee crankshaft 
1300 sufficient so thatthe left iBBer piston 1 120 only partially opens tbe left exhaust 
ports 1163 further reducing the time in which the exhaust fluid exits the left exhaust 

ports 1163. 

Shnilarly, the axial location of the right cyhuder liner 1230 relative to the nght 
cylmder Imer bore 1234 is preferentially controlled. During slow engine speed 
operation, the tight cylinder liner 1230 is translated axially t»..rds ihe crankshaft 
1300 The movement of the right cyhnder liner 1130 towards the crankshaft 1300 
effectively shortens the time m which the right exhaustports 1163 are opeiL In an 
extreme example. 1he right cyhnder liner 1130 moves an axial distence towards the 
cramcshaft 1300 sufficient so that bright im«r piston 1120 only partially opens the 
rxght exhaust ports 1263 ftr^herreduoing the time in whichihe exhaust fluid exists 

the right exhaust ports 1263. 

Figure 10 is a graph representing asymmetric timing of the opening and 
closing of the intake ports and the exhaust ports as a fimction of crankshaft angle, iu 
accordance with an embodiment ofthepresent invention. Afirstintakeport curve 

22b shows the openmg and closing of tiae intake ports as a symmetric curve offeet 
from the axis of a first exhaust port curve 20b which shows the opening and closmg of 
the exl^ust ports. Movement of fbeleft cylinder hnerllSOprovidesashiftmg of the 

thmng of the intake and exhaust ports, an example sbo^-n as a second miake port 
curve 22c and second exhaust port curve 20c. Bymoving the left cyhnder linerll30, 

preferential port timing inrelation to Ibc engme speed and load is acbevable. 

m cylinder Imer 1 130, 1230 is moved in an axial direction by a number of 
suitable means. In one embodiment m accordance with the present invention, the 
$ cylinder Imer 1 130. 1230 is moved using an actuating means, including, but not 
hmtted to. an electric motor,hydrauUcactiaator, and ti.e like. lie actaatingmeansts 

controlled by a feedback control system (not shown) that controls the position of ti.e 
cylinder liner 1130. 1230 to a predelennmed position in accordance with 
predetermined engine speed, or other performance parameter. 
0 m another embodunent in accordance with Ihe present invention, flmd 

pressure actingupon a portion of the cylinder liner overcomhag a restoring element xs 
used to position fee cyhnder hner 1 130. 1230. Figure 1 1 is a side cross-sectional 
view of anengme 12 in accordance wilixanembodhnentofthepresent invention. 



19 



wo 2005/003532 



PCT/US2004/020390 



10 



15 



Looking at Ihe right cylinder 1200. the left cylinder 1100 being similarly arranged 
(not shov.n), the housing 1103 comprises a fluid inlet 1264 adapted to provide 
controllable hydraulic pressure on fee exhaust end 1238 of fee right cylinder liner 
1230. The right cylinder liner 1230 further comprises one or more flanges 1237 
suitable for coiqjling with a bias manber 1259. The bias member 1259 is adapted to 
provide a restoring force on fee right cyhnder Imer 1230 as fee right cylbder liner 
1230 is pushed towards fee cranksbait l300 by fee hydraulic pressure on fee intake 
end 1236. 

In one embodiment in accordance wife the present invention, fee fluid used to 
provide fee hydiauUc pressure on the right cylinder liner 1230 is cooUng fluid used to 
cool fee right cylinder hner 1230. The pressure of fee cooling fluid is controUed by a 
feedback control system (not shown) that controls the position of the cylinder liner 
1130, 1230 to a predetermined position in accordance wife predetermined engine 
speed, or other performance parameter. 

Engines in accordance wife embodiments of fee present invention are 
configured to be powered by any number of internal combustion processes, such as, 
butBot limited to, those combustion processes associated wife spark ignition (SI), 
Diesel, and Homogaieous Charge Conq)ression Ignition (HCO). 

In fee Sl-combustion process, a homogeneous air and fuel mixture is 
compressed within fee cylinder and ignited at the end of fee compression stroke by a 
spaik. The spark causes a flame kernel, or a heat fiont wave, feat grows and 
propagates throughout fee combustion chamber. Engine load (torque) is controUed by 
controlling fee rate of flow of fee air and fuel to fee cylinder. The air and fuel ratio is 
kept substantially constant at all loading conditions. 

The flame kernel produces a flame front in fee cylinder feat has a temperature 
in excess of 1600C, fee temperature in ;^ch nitrogen-oxides (NOx) are produced. 
Therefore, some means of mitigatingNQx production is required, such as, but not 
limited to cataljlic conversion to a safer compound. 

In an embodiment of the present invention, fee cylinder volume is divided into 

30 a combustionchamberandfeecylinder. andfiufeercomprisingaNOx-reducingheat 
smk or a catalytic converter between fee combustion chamber and fee cylinder (such 
as provided in PCT application number PCT/US 03/08708 entitled ENGINE WITH 
POWER GENERATINGCAPABILnY.incoipoiatedhereinbyreference). For 
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.motion Idnetic reasons, and, in order to mamlBin tie optimum configuration for 
scavenging, the converter is attached to tl.e exhaust piston; fuel xs injectedby spraymg 
directly into the combustion chamber. Such a combustion system offers a 
breaktoongh in extreme low emission combustion without sacrificing Ihe fael 

5 consumption, power output or comfort. 

m ae Diesel combustion process, pure air is first compressed in the cylinder, 
causing the air to mcrease in temperature. Fuel is injected under high pressure at the 
end of the compression stroke, the hot compressed aii. The fuel is vaporized and 
^ed partially with the compressed air. The air and fuel mixture self-iguites when 

10 brou^ttoapredeterminedtemperature-Engineloadiscontrolledbyvarymglie 

amount of fiiel injected mto the cyhnder. 

HCCI is an abbreviation for "Homogeneous Charge Compression Igmt>on^ 
Tire name implies that the homogeneous ("weU mixed") charge of air and fuel is 

ignited by compression heating. 
15 In1he HCCI combustion process, a homogeneous air and fuel mixture is 

compressed within the cylinder. As the temperature of the air and fcel mixture is 
increased due to the increase in pressure, anto-igmtion occurs. n.e HCQ combustion 
process requiresaMghcompressionratio in onierto ensure auto-iguitio^Avery lean 

nnxture is used m order to slow the chemistry reaction rate, and therefore reduce the 
20 combustionrate. Suitable air and fuel mixtures can be achieved by using a hxgh an: 
and fuel ratio or by Exhaust C3as Recyclmg (EGR). Eogine load is controEed by 
varymg the amount of fuel in the air and fuel mixture. 

The HCa engine utilizes a high compression ratio and the combustion is fest 
This gives a high efficiency at low loads compared to a Sl-engine that has low 

25 efficiency at part load. 

Amajor advantage of &eHCa combustion process is I3iat it produces a low 

• amount of nitrogen-oxides (NOx). Hae formation of NOx is strongly dependent on 
combustion temperature. Higher temperatureproducesahigheramountofNOx. 

Unlil<e1he hightemperamre of greater than 1600C produced by the flame front of a SI 
combustionprocess producing large amounts of NOx, the auto-combustion of the 
HCa combustion process is initiated at some.'hat less than 1600C, approximately 



30 

875C. 
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Furflier, since the combustion is liomogeneous and a ver}' lean mixtxire is used, 
the combustion temperature becomes very low relative to that of a flame front of a 
spark-ignition combustion process. This low temperature results in very low amounts 
of NOx being produced. A stoichiometric mixture has an air to fiiel ratio of 1 . For the 
5 HCCI combustion process, the closer the air to fuel ratio is to 1, the higher the 
ignition temperature and the closer to NOx production temperature. Therefore, the 
HCCI combustion process can be produced using an air to fuel ratio of up to about 10, 
with the range of 2- 1 0 suitable for producinjg ignition temperatures well below NOx 
production temperatures. 
10 Further, the HCCI combustion process does not produced the same levels of 

soot as the Diesel coinbustion process. 

The HCCI combustion process enables a high thermal efficiency when 
compared to other combustion processes because the veiy fast chemical reaction in 
tilie combustion chamber is very near to the optimal "Constant Volume Combustion" 
1 5 without the limitation of "kuocking." Knocking is a teim used to define an abnormal 
combustion condition, also known as detonation, wherein multiple flame Scorns 
collide inside tiie combustion chamber, increasing the pressure in the chamber and 
occurring at inappropriate times during the combustion cycle. Knocking is usually a 
very imdesirable and detrimental condition. 
20 Although embodiments of the present invention can be powered by the HCCI 

combustion process, control of the combustion process is more difficult than in the SI 
or Diesel conibustion process. The HCCI combustion process provides no direct 
control of the start of combustion, unlike the spaik timing of a SI combustion process. 
The start of combustion depends on several parameters. The dominant parameters 
25 include, among others, the compression ratio and the inlet temperature. Control of 
these dominant parameters provides a means to control the start of combustion to a 
desired point in time. 

In accordance with embodiments of the present invention, the engine is 
powered by an assisted HCCI combustion process, wherein the air and fuel nuxture is 
30 compressed within the cylmder to a predetermined state below the threshold condition 
where auto-ignition will occur. An energy assist, such as, but not limited to, a heat 
source such as produced by, among others, a spark plug or glow-phig, is used to . 
initiate combustion maintaining a smooth thermal wave combustion conditioiL The 
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assisted HCCI combustion process works off toeshold condition, producing 
conHoUable and uniform combustion without tiie occurrence of an iU-limed violent 

photo-detonation (icnocicing). 

The eners' assist provided for initiating combustion is provided by one of a 
5 number of suitable devices, including, but not limited to, a spark plug and glow plug. 
A glow plug has unique advantages as it does not produce a flame fiont, unlilce tbe 
spark plug. A glow plug is a device Icnown m the art that pro^ndes a source of rapid 
heatmg from an element that is exposed to the au" and fiael mixture. Glow plugs are 
wellknown for use in Diesel engmes for cold starting. Commonly, upon start-up of a 
0 Diesel engine, the initial temperature of the aix and fuel mixture is too low to sustam 
auto-ignition. The glow plug provides the needed addition beat source necessary for 
combustion. After the engine heats up and can contribute to heating the air and &el 
mixture, the glow plug is no longer activated. 

In accordance with embodiments of the present invention, a glowplug is 
15 provided in the cyUnder and is adapted to conliol the time of ignition of the air and 
fuel mixture. In one embodiment in accordance with the present invention, the timmg 
of the heating of the glow plug is triggered by lie position of (one of) the pistons. In 
anoHier embodiment in accorfance wilh tine present invention, the timing ofthe 
heatmg of the glow plug is triggered by tbe pealc pressure of the air and fuel mixture 

20 in the cylinder. 

In embodiments in accordance Witt lie present invention, fee glowplug is 

controlledbyafeedbackcontrolsystem. The feedback control system, in one 
embodiment, controls the glow plug timing based on predetermined peifonnance 
criteria. In one embodiment, glow plug heating is timed to produce combustion 
icmition when the crankshaft is at TDC, which provides the greatest &el efBciency. 
to another embodiment, glowplug heating is timed to produce combustion ignition 
when the combustion dumber reaches peak pressure, typically at 5-1 0% after TDC. 

Further, and in another embodiment, the timing of glow plug heating is 
detennined based upon cmmcshaftperformanceparameters. such as, but nothmited 

30 to, torque variation and angular variation. 

Myet anther embodiment, and particularly suitable when constant cranlcshaft 
speeds are desired, such as, but not limited to, electric generation appHcations. glow 
plug heating is timed to produce combustion ignition to optimize power output 
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In otiier embodimemts in accordance wWi the preseait invention, the 
temperature of the glow plug is variable and contioUed for a particular purpose. By 
way of example, but not limited tfaer^o, the glow ping temperature is controlled based 
upon the temperature of the air and fuel mixture. In another example, the glow plug 
temperature is controlled based on the temperature of the exhaust fluid. iTyet ano&er 
example, the glow plug temperature is controlled by measured speed osciUations of 
the crankshaft relative to a desired constant average speed of rxjtation. 

Piston Head 

Referring again to Figures 2.and 3, side cross-sectional views of the left 
cylinder 100 inihe TDC and BDC positions. re5?,ectively, are shown in accordance 
with- an embodiment of the present invention. Only the left cylinder 100 is discussed 
below as the iightcylinder200 comprises similar components, llie left outer piston 
110 comprises a left outer piston head 116 and a left outer piston phmger 118 
opposite the left outer piston head 116. The left outer piston head 116 temiinates at a 
leftouterpistoncombustionfece 111. Thfe left outerpiston head 116 is adapted to be 
sHdingfy received in close fitting engagement with the left cylinder liner bore surface 
139 at the Irft cylinder liner intalra end 136. 

The left inner piston 120 comprises a left inner piston head 126 and a left 
20 inner pistonpush end 124 opposite the left inner piston head 126. The left inner 
piston head 126 terminates at a left iuner piston combustion fece 121. Tie left inner 
piston head 126 is adapted Id be sUdingly received m close fitting engagement with 
the left cylinder liner bore surface 139 at the left cylinder.liner exhaust end 138. 

The left outer piston 110. the left inner piston 120, and the left cylinder liner 
25 130 define a left combustion chamber 150. 

Embodiments of the present invention provide unconventional design of the 
shape oftfae left outerpiston combustion face 111 and left inner piston combustion 
face 121, and therefore flie overall shape of the left combustion chamber 100, because 
there are no valves. Figure 12 is a side cross-sectional view of the left cylinder 100 

30 iiicludingaleftouterpistoncombustionfiicelllandleftimierpistoncombustiQn 
face 121 near top dead center forming a torroidal combustion chamber 1 150a, in 
accordance with an embodiment of the present invention, as first presented in' 
PCT/USOO/34122 entitled INTERNAL COMBUSTION ENGINE WnHA SINGLE 
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C^^SHAFT AND IiA^aNGOPPOSEDC.'LINDERS WITH OPPOSED 

PISTONS. iBCorporated herein by reference. The coinbuKtion chamber 1150a xs 
forn.edby1i.e left outer pistoB combustion facelllbaviBgaconvextor^^^^^ 

matching Iheleftu^erpistoncombustionfaoe 121 withacomptoe^^ 
5 leftouterandinnerpistoncon*ustionfacesllU21formabroadareasquisbba^^ 
that createsaswirlofMghintensitj^ near top deadcenterprovidiBgfl.epotential^^^^ 
improved exhaust emissions, and also fuel consumption, power oulput and comfort 

Ot3.er shapes of the left outer piston combu^onfece 111 and left inner piston 
combustion fece 121 are anticipated, suitable for a particular purpose. 

Figure 13A is a side cross-sectional view of the left cylinder 100 comprismg 
the left outerpistonheadUeincludingaleftouterpistoncombustionfecelllanda 

sparkigmterl80,suchas.butnotlimitedtoaconventionalspaxkplugknDV^m1iie 

art inaccordancewithanembodimentoflhepresentinvention. The spadcigniter 80 
is disposed within the left outerpistonheadliesuchlhatasparlc gapl82 is smtabty 

15 located adjacentlhe outer piston combustion face 111 and suitably exposed to the 

intake fluid. 

It is understood that the spark igniter 180 could be located on other 
oomponentsoftheleftcyhndermsuchas.butnotlimitedto,1ixeleftinne.pistan 

combustion fece 121 and integrated into lJ.e side ofihe left cylinder liner 130. 
20 Fic^slSAandlSBarepartialcross-seotionalviewsoftheleftcyhnderlOO 

comprisii anintermittent-coBtact spa± ignition system 185 in a disengaged and 
en.agedposition,respectively.iaaccordance.dfl.anembodimentofthepresent 

Jention.mintenmttent-con1.ctsparkigmtionsysteml85compxisesam 

contact 1 86 extending from lOae left outer piston 1 10 , and a stationar^^ contact 188 m 
,5 opposedrelationshipandina^aUg^enttethemo^Hngcontactl86. Themovmg 
contact 186 andlie stationary contact 188 come into electrical contact creatmg an 
electric discharge at tiae sparkgap 182 when the left outer piston head 116.moves 
^stantially te IheTOCpositio,. The moving contact 188 andthe stationary contact 
186 move apart out of electrical contact at all otherpositionsoftheleftouterp^ston 

manembodimentof thepresentinvention. Ihe spark timing is adjustable by 
adjustingtherelativeaxialpositionofthest.tion^oontactl88. An earher spark 
ti^gisobtainedby moving the stationary contactl88 closer to themoving contact 
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1 86, whereas a retarded spark tboojoig is obtained by moving the stationarj' contact 1 88 
further away from the moving contact 186. 

Figure 14 is a partial cross-sectional view of the left cylinder 100 comprising a 
sliding-contact ignition system 285, in accordance wifli an embodiment of the preset 
invention. As infiie embodiment ofFigure llA, above, an ignition source, such as a 
spark igniter 1 80 or a glow plug 280 as shown, is (Usposed within the left outer piston 
head 116. The sHding-contact ignition system 285 comprises a receiving contact 286 
extending from Ihe glow plug 280 to the left outer piston plunger 1 18 and a sUding 
contact 288 extending fiatn the left housing end cap 107 and in axial alignment wfth 
the receiving contact 286. The receiving contact 286 provides a surfece 287 for 
nesting engagement with the sliding contact 288. 

The receiving contact 286 and the shdmg contact 288 remain in electrical 
contact throughout the stroke movement of the left outer piston 1 10, 4e sUding 
contact 288 sKding within Ihe receiving contact 288. hi the case of the ignition source 
15 being a sparkigniter 1 80, die spark igniter 180 is controUed in the conventional 
manner that when the left outer piston head 1 16 moves substantially to the IDC 
position, the ^aric igniter 180 is caused to create an electric discharge at the sparii gap 
1 82. In the case of the glow plug 280, Ihe heating of the glow phig 280 can be 
• controlled at any portion of the piston cycle. For exanq)le, but not limited to. Ihe 
20 glow plug 280 can be controUed to heat the intake fluid to a predetermined 

temperature during scavengmg, whereas it is controlled to produce a high temperature 
surge atTDC. I otherwords. a glowplug 180 can be operated continuously to heat 
the intake fluid, whereas the spiaik phzg 180 can only be used for ignition. 

In accordance with an embodhnent of the present invention, Ihe spark igniter 
180 as shown k Fig. 13A is replaced with a glowplug 280. The glowplug 280 
provides a source of heat lhat augments the self ignition of fte intake fluid under 
pressure. As tiie pressure and therefore Ihe temperature of the hitake fluid raises 
during the compression phase of ihe cycle, the glow plug 280 is activated to provide a 
source of heat to tiie intake fluid so as to assist Ihe intake fluid to self ignite at a 
30 predetermined time in the cycle. 

The glow plug 280 does not have to operate at the extreme tenqjerahire as lhat 
of an electric discharge m order to provide conditions for self ignition of the intake 
fluid. By way of example, during engine startup the mtake fluid is relatively cool. 
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wto the glow plug280raxses the intalce.fluidten.perature^^^^^^ 

addxtional compression ofihe intake fluid at TDQ the temperature of IheintakeM 

.s sufficient to sustain self ignition. Further, the relatively low-tempemture igmtxonof 
inlxace iiuid about the glow plug 280 acts to provide a pressure source, much bke a 

piston compressing the intake fluid further andraising Ihe fiuidtemperature to above 

the self-ignition temperature, causing a uniform combustion of the intake flmd 

throughout the left combustion chamber 1 150. 

Ideally for performance and emissions considerations, among others, 
combustion of the intake fluid within the left combustion chamber 1 150 should ocoor 
^onnly, spontaneously, and completely. Spark ignition typically, and m some 
cases glow-plug ignition, produces non-uniform combustion of Ihc intake flmd. A 
flame front can be produced that advances through the combustion chamber 
producing non-uniform and non-complete combustion of the int^ fluxd. The 
detrimental effects of the flame front is reduced in embodiments of flxe present 
invention wherein self ignition conditions are provided inihe combustion chamber 

and igmtionby a sparkor glow plug occurs at about tie self igrution conditions. 

Other embodiments in accordance with the present mvention are provided to 

..^eoreliminatenon-uniformandnon-con^let^oombustion. Ibese 
embodiments mclude, but arenotlimited to. contained ignitionwilhinacavtty or 

chamber of a piston. Figures 1 5A-15C axe side cross-sectional views of emboduneni. 
ofleftouterpistonheads 116a.: wherem the glowplug 280 isprovidedinacavzty 

fonned inthe left outer piston head 116a-c extendmg from the left inner piston 
combustionfecema^. in accordance with embodiments of the present invention. 
The elowplug280 extends mtotiae cavity to heattheintalce fluid contained therem. 
5 Mtoarrangement,anyflamefrontl3aatpotentiallycanbeproducedbytheglowplug 
280 is substantially conlBined within the cavity for at leastthe time ittakes for self 
ignitionto tBke place out^de of lie cavity. Haebenefit of a pressure increase of the 
i^efluid outside ofihe cavity causedbytieigmtion of theintake fluid within the 

cavity is realizedto produce a uniform raise inpressure and temperature for umform, 
,0 spontaneous and complete combustion witiain fixe left combustion chamber 1 1 50. 

Figure 1 5A is a partial side cross-sectional view of a left outer piston head 
116c wheremihe glowplug ISO extends into a spherical cavit>- 190 fonned in the left 
outerpist^nheadlieaextendrngfromtixeleftinner piston combustion fecel21a,m 



27 



wo 2005/003532 



PCT/US2004/020590 



accordance witii an embodiment of flie present invention. The spherical cavity 190 
comprises an inlet port 191 that is adapted to direct incoming intake fluid into the 
spherical cavilj? 190 but is sufficiently small so as to substantially contain any flame 
front 

5 Figure 15B is a partial side cxross-sectional view of a left outer piston head 

1 16b wherein the glow plug 180 extends into a swirl cavity 192 fonned in the left 
outer piston head 1 1 6b extending from the left inner piston combustion face 12 1 b, in 
accordance with an embodiment of the present invention. The swirl cavity 192 
comprises an inlet port 193 lhat is adapted to direct incoming intake fluid to flow 
10 adjacent the swirl cavity surface 194 and to be substantially retained within Ihe swirl 
cavity 192. The glow plug 280 extends iato the swirl cavitj^ 192 and is positioned out 
of the line of sight of the mletport 193. In this arrangement, any flame front that is 
potentially produced by the glow plug 280 is ,directed to the swirl cavity surface 1 94 
opposite the glow plug 280 to reflect there-and-back-again substantially delaying the 
15 time in which it may exit the swirl cavity 192. 

Figure 1 5C is a partial side cross-sectional view of a left outer piston head 
1 16c wherein the glow plug 280 ^ends mto a ca^dty bottom 197 of an elongated 
cavity 196 formed m flie left outer piston head 1 16c extending from the left mner 
piston combustion face 121c, m accordance with an onbodiment of the present 
20 mvention. The elongated cavity 196 comprises an inlet end 195 that is adapted to 
direct incommg mtake fluid to the cavity bottom 197. The depth of the elongated 
cavity 196 is predetermined such that any flame front produced by the glow plug 280 
will not exit the elongated cavity 197 until the self ignition of the intake fluid outside 
of the elongated cavity 196. 
25 In other embodiments in accordance with the present invention, the cavity, 

such as the elongated cavity 196 shown in Figure 15Q among others, comprises an 
inner surface 198 at least a portion of which having a cataljrtic layer 199 thereon. In 
an embodiment, the catalytic layer 1 99 comimses a material that reduces the quantity 
of NOx or other undesirable emission that might be fonned by a flame front produced 
30 within the elongated cavitj^ 196. In another embodiment, the catalytic layer 199 
comprises a material that reduces the potential formation of a flame front produced 
within the elongated cavity 196. 

In other embodiments in accordance with the present invention, the heating 
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element of tlie glow plug 280 further comprises a catalytic material 299. The cateljtic 
material 299 comprises a raaterial that triggers combustion based on the chemistiy of 
the intake fluid. As the intake fluid pressure rises, ignition is triggered when a 
predetennined concenlration of constituent compounds within the intake fluid is 
reached. 

It is understood that in embodiments of ignition systems presented above, 
among o&ers, spark igniters 180 and glow plugs 280, among others, may be used 
interchangeably. By way of example, the spark igniter 180 shown in Figure 13A can 
be replaced by the glow plug 280 as shown in Figure 14. 



10 



Fuel Supply Sj'stems 

Fuel is suppUed to embodiments of engines in accordance with fee present 
invention in a variety of ways. Referring again to Figure 9, a &el injector 1183 is 
provided adjacent each left/right cylinder liner 1 130, 1230 terminating wth a fuel 
15 injectorport 1184 and in fluid communication with flie left/iight combustion chamber 
1150, 1250, in accordance with an embodiment of the present invention. Intake fluid 
in the form of air enters the left/right combustion chamber 1150, 1250 through the 
left/right intake ports 1 161, 1261 . Fuel is injected in the lefl/rigbt combustion 
chamber 1 150, 1250 at a suitable time in as the intake fluid is under compression. 
20 Referring again to Figures 13A and 13B, a feel injector 183 is provided in 

fluid commumcation with the second scavenging chamber 109. Intake fluid in the 
form of air is provided from the first scavenging chamber 105 to the second 
scavenging chamber 109 which is mixed with fiiel provided bj' the fuel injector 109. 
A feel and air mixture is provided to the combustion chamber 150 through the intake 
25 ports 161 from the second scavenging chamber 109. 

Crankshaft 

Figure 16 is a top exploded cross-sectional view of the crankshaft 300, left and 
right puDrods 411a,b, 421a,b and left and right pushrods 412. 422, in accordance mth 
30 an embodiment of flie present invention. Figure 17 is an assembled top view of liie 
assembly of Figure 1 6. The crankshaft 300 is referred to as a "buflt-up" crankshaft. 
In contrast to a single forging of a conventional engine cranltshaft, embodiments of 
the crankshaft 300 of the present invention comprise an assembly of four componmts, 
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a first aanlcshafi component 320, a second crankshaft component 330, a tbirf 
cranlcshaft component 340, and a fourth ciankshafi component 350. that are coupled 
together to form a single cranlcshaft 300. 

The first cranlcshaft component 320 comprises a cylindrical first main bearing 
5 325 including a first through bore 323 fliat defines a crankshaft rotation axis 3 1 0. The 
first crankshaft conqwnent 320 forflier comprises a first nesting surfece 322 that has a 
first offeet axis 321 that is offeet from flie crankshaft rotation axis 3 10. The first main 
bearing 325 provides support between the crankshaft 300 and the housing 103, as 
showninFigme I. 

10 The second crankshaft component 330 con^rises a second throu^ bore 333 

that is coaxial with the first through bore 323 and also defines the crankshaft rotation 
axis 3 10. The second crankshaft component 330 fiutibCT comprises a second nesting 
surface 332 tiiathas a second ofifeet axis 331 that is of&etfi-om the crankshaft rotation 
axis 3 10, and a third nesting suifece 336 having a third offeet axis 337 that is oflfeet 
15 fiDmbolhthecrankshaftrotationaxis310andfhesecondoffsetaxis331. Thefiret 
nesting surface 322 is adapted to be slidingly received into the second nesting surfece 
332. The second crankshaft component 330 fiirfher comprises a first bearing surface 
334 having a cylindrical cross-section and coaxial with the second ofifeet axis 331 . 
The first bearing surface 334 is adapted to accept a first ring bearing 361 thereon, 
20 which will be fiirfher described below. 

The third crankshaft conqionent 340 comprises a fhiid ftirough bare 343 ihat is 
coaxial with the first through bore 323 and also defines the crankshaft rotation axis 
310. The third crankshaft conqjonent 340 finther comprises a fourOi nesting surfece 
342 that has a ft)urth offeet axis 347 that is o^et fix)m the crankshaft rotation axis 310 
and coaxial wifli the third ofiset axis 337. The third nesting surfece 336 is adapted to 
be slidingly received into the fourth nesting surfece 342. The third cranlcshaft 
component 340 fiirfiier comprises a second bearing surfece 344 having a cylindrical 
cross-section and is coaxial with flie fourth ofiset axis 349. The second bearing 
surfece 344 is adapted to accqjt a second ring bearing 362, which will be described 



25 



30 below. 



The third crankshaft componait 340 finther comprises a fifth nesting surfece 
346 that has a fifth offeet axis 341 that is ofifeet from the crankshaft rotation axis 310 
and coaxial with the second offeet axis 331. The third cranlcshaft component 340 
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further cornprises a Ihird bearing surface 348 having a c^todx^cal cross-section. TTae 
tod h.«.ring surfece 348 is adapted to accept a tlnrd ring bearing 3 63 thereon, which 

will be farther described below. 

The fourth cranlcshaft component 350 comprises a cylmdrical second main 
5 bearing 355 including a fcurth through bore 353 that is coaxial with the firstthrough 
bore 323 and also defmes the crankshaft rotation axis 3 10. The fourlt crankshaft 
component 3 50 ftarther compnses a sixih nesting surfece 3 52 that has a sixth offset 
axis 35 1 that is offset from the crankshaft rotation axis 3 1 0 and coaxial with flie fifth 
offeet axis 341, which is also coaxial ^.dth the first and second ofeet axes 321, 331. 
10 Tte third bearmg surfece 348 of the third crankshaft component 340 is coaxial wxlh 
&e sixth offset axis 351. The sixth nesting surfece 352 is adapted to be shdingly 
received mto the fifth nesting surface 346. Th. second main bearing 355 provides 
saxpport betweenihe cranlcshaft 300 and &e houshig 103, as shown in Figure 1. 

It is understood that there are many different possible anangements of nestmg 
15 surfaces and bearing sur&ccs wherehi Ihe above embodimeat is just one of those 
possible arrangements and is not hmited thereto. Other possible amngemer^ts are 
also anticipated. 

In an embodiment in accordance with flie present invention, the respective 
nesting surfaces are adapted to allow for a press-fit assembly with sufficient festness 
20 toremaininaxialandangularaIignment,butaUowingfordisassembly. Inanother 
embodhnent, the respective nesting surfaces have keys andkey ways to ensureproper 

axial and angular alignment. 



25 The two pair of left and rightpuUrods 411a,b, 421a,b and the pair of left and 

right pushrods 412. 422 are the connecting elements between the pistons and the 
crankshaft300,asshownmFiguresl6andl7,maccordancewit3ianembodunentof 

the invention, ^e linear reciprocation of the pistons drive the connecting elements to 
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impart rotational motion Id the crankshaft 300. 

Figure 18 is an isometric exploded view of the left and right pushrods 412. 
422 the second and third crankshaft components 330, 340, and the second roller 
beams 362, inaccordanoe with an embodiment of the present invention. The left and 

right pushrods 412, 422 resist conq)ressive forces by the left and right mner prst^n 
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120, 220 as provided earlier and shown in Figure 1, and are therefore termed 
>nshrods." As shown in Figs. L 16-18, the left and rightpushrods 412, 422 are 
disposed on a common inner piston journal 3 12, also lefenred herein as a pushiod 
journal, on the oranlcshaft 300. 
5 In emhodiments in accordance wifii flie present invention, the left and right 

pushrods 412, 422 lie in a conanon plane. An embodiment that pennits coplanar 
aKgnment of the left and right pushrods 412, 422 comprises the leftpushrod 412 
having a single aperture journal end 414 opposite fte left concave end 413. The 
single aperture journal end 414 has a single aperture 415 that is adapted to rotatably 
10 engage around the second ring bearing 362 in close-fitting engagement 

The ri^t pushrod 422 comprises a double apature journal end 424 opposite 
the right concave end 423. The double aperture journal end 424 conges a pair of 
tangs 426, also referred to as a fiak, each with a coaxial aperture 425 that is adapted 
to rotatably engage around the second ring bearing 362 in close-fitting engagement 
The tangs 426 are spaced-apart a predetennined distance to sHdably receive the single 
aperture journal end 414 of flie left pushrod 412. 

The left and right pushrods 412, 422 are assembled onto the crankshaft 300 by 
receiving the single aperture journal end 414 of the left pushrod 412 between and in 
coaxial alignment with the pair of coaxial ^ertuies 425 of the double aperture journal 
20 end424oftherigihtpushrod422. The second ring bearing 362 is slidably received 
wifliin the single aperture 415 and coaxial apertures 425. The fourth nesting surface 
342 of the fliird crankshaft component 340 is disposed wiflnn the second ring bearing 
362. The third nesting surfece 336 of flie second crankdiaft con5)on£ait 330 is 
disposed within the fourth nesting surfece 342 of the third crankshaft conq)oneat 340 
25 completing the assembly. The left and right pushrods 412, 422 now share a common 
journal of the crankshaft 300, and therefore, a common journal 3 12. 

The above embodiment is characterized by the elimination of bolts or other 
festenas, increasing component reliability and perfOTnance. 

Li one embodiment of the present invention, the left and right pushrods 412, 
30 422havearatioofiengaidividedbycrankshaftradiusofabout5. This relatively 
large ratio results in much lower side forces and fictional loss between the inner 
pistons 120, 220 and the <g^linder liner bore surfece 139, 239, as compared to 
conventional engines. Typical prior art ratios are in the range of 3.2 to 3.8. 
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Pullrods 

The pair of left and rightpulhods 41 la,b, 421a,b resist tensile forces by Ite 
left and right outer piston 110, 210 as provided earUer and shown m Figure 1. and are 
5 therefore termed "pullrods " As sho^vn m Figs. 1, 16 and 17, lie left and right 
pnllrods 411a,b, 421a,b are disposed on a common pair of outer piston jomnals 
311a,b, also referred herein as a pullrod journals, on Ihe crankshaft 300. 

In embodiments in accordance witfc Hie present invention, the left and right 
pullrods 411a,b,. 421a,b He in a common plane. The embodiment that permits copknar 
10 aHgnment of the left and right pushrods 412. 422 as pro^dded above serves to also 
permit coaxial alignment of tiie left and right pullrods 411a,b. 421a,b. In an 
embodunent, the left pullrods 41 la,b have a single aperture journal end 416. The 
single aperture j oumal end 416 has a single aperture 417 tiiat is adapted to rotatably 
engage around one of the fiKt and third ring bearings 361, 363 in close-fitting 
15 engagement. 

TTie rightpulhods 421a,b comprise a double aperture journal end 426. The 
double apei-ture journal end 426 comprises apair of tangs 428 each wil3i a coaxial 
aperture 427 that is adapted to rotatably engage around one of the first and tinid ring 
bearings 361, 363 in close-fittmg engagement. The tangs 428 are spaced-apart a 
predetermined distance to shdably receive Ihe single apertaie journal end 416 of the 
leftpulh:od411a,b. 

-ae left and right pullrods 41 la,b. 421a,b are assembled onto the crankshaft 
300 by receiving the single aperture journal end 416 of liie left pulhx)d 411a.b 
betxveen and in coaxial aUgnment wiHi the pair of coaxial apertures 427 of flie double 

25 apertuiejomnalend426of1iierightpullrods421a,b. One of the first and third ring 
bearings 361.363 is shdably received within the single aperture417 and coaxial 
apertures 427. The second nesting surface 332 of the second crankshaft component 
330 is disposed wilfam the first ring bearing 361. The first nesting surfece 322 of the 
first crankshaft component 320 is disposed wilhm the second nestmg surfece 332 of 

30 the second crankshaft component 330 completing flie assembly. One pair of the left 
and right pullrods 41 la, 421a now share a common journal of the cranlcsbaft 300. 

Shnilarly, the fifili nestmg sur&ce 346 of the third crankshaft component 340 
is disposed wiHun the tiuid ring bearing 363. The sixth nesting surfece 352 of &e 
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fourth crankshaft component 350 is disposed within the fifth nesting smfece 346 of 
the tiiird crankshaft con?)onent 340 completmg tiie assembly. The other pair of left 
and ri^ pulhods 41 lb, 421b now share a common journal of the carankshaft 300, and 
therefore, a common jonmal 3Ila,b. 
5 The above embodiment is characterized by the elinination of bolts or other 

festKiers, increasing component rehability and performance. 

In embodiments of tiie present invention provide relatively long left and right 
pulkods 41 la,b, 421a,b. The ratio between the length of the left and right pulhods 
411a,b,421a,b and the crankshaft radhis is greater than about 10. This configuration 
10 results inmuch lower side forces and fiiction between tiie outer pistons 110, 120 and 
the cylinder liner bore smfece 139, 239, than is typical of known art. 

Figure 19 is an isometric assembled view of a crankshaft 300, in acconJance 
with an anbodunent of the present invention. The first, second, and third ring 
bearings 361,362, 363 described above provide for fiiction reduction between the 
15 journal ends 416, 426, 414, 424 of the left and rightpuUrods 411a,b, 421a,b and left 
and rightpushrods 412, 422 and the respective bearing surfeces 334, 344, 348 of the 
crankshaft 300. The first, second, and third ring bearings 361, 362, 363 are shown by 
way of exanq)le and not limited thereto. It is anticipated that oflier types of fiiction 
reduction components and/or methods can be utilized, such as, but not limited to, 

20 needle bearings, iDUerbearmgs,lubricious coatings and cmailating lubrication fluids. ' 
The built-up crankshaft 300, as shown m Figs. 1, 16 and 17 by way of 
exannple, enables the connecting elements, such as the left and right pulkods 41 1 a,b, 
421a,b and left and right pushiods 412, 422, along with any associated bearing 
member, to be pre-assembled. This avoids connecting elements found in the known 
25 art such as split connecting rods and spHt-bearings. Split connecting rods require 
support structure and festeners so that Ihey may be assembled to fomi a one-piece 
crankshaft. These are eliminated in the present anbodunents. 

The built-up crankshaft 300, m accordance with embodiments of the present 
invention, consiste of several individual components fliat are subsequenliy assembled. 
The generally smaUa: individual components offer advantages in the manufectiiring 
process, for example, forging, machinmg, finishing, and other secondary work. Also, 
the built-up crankshaft 300 offers the advantage of lighter weight. Because the 
connecting elements do not require fcteners, snnpler elanents of lower mass may be 



30 



34 



wo 2005/003532 



PCT/US2004/n20590 



used. Moreover, Ihe assembly of lie several components may be aocompUshed during 
insertion of fee crankshaft 300 into the housing 103, for example. 

Another chamcteristic of the present embodiments is that a built-up crankshaft 
300 can be used because there is a reduction of force experienced by the cranlcshaft 

.5 300 ThebalancednatureofthereciprocatingconQ.onentsontheengine,andthe 
elimination of unbalanced combustion forces, provides substantially no resultant force 
on the main bearings 325, 355 supporting the cranlcshaft 300. Contrary to the known 
art where litemUy tons of unbalanced forces are exerted on the crankshaft, fiie present 
embodiments have substantially no unbalanced forces. This reduction in forces 

10 includes a reduction on the cmnlcshaft main bearings 325, 355 and Ihe engine 

assembly in general. 

In a Imown conventional in-line or «V"- engine, torque is created by uneven 
forces onfhemainbearing and the crankshaft. In the present embodiments, these 
forces are substantially ehminated, and only two main bearings 325, 355, and no 
15 center main bearing, are necessazy to support the crankshaft 300 in the housing 103. 
Due to the configurationof the various components contemplated in fte 
present embodiments, the ci-ankradius may be only about half of that of a 
conventional design with a similar piston strolce. In part, the crank radius as defined 
by the cmnlccase peipendicular 1b the cylinder axis, is reduced due to Ihe spUt throw 

20 of the overall piston stroke. 

Figure 20 is a cross-sectional isometric assembled view of the crankshaft 300 
ofFigure 19, inaccordance with an embodiment of the present invention. The first, 

thirdi'and fourth cranlcshaft components 320, 340 and 350 forther comprise first, 
second, and third fluid chamiels 329. 339, 359, respectively. The first, second, and 

25 third fluid chamiels 329, 339. 359 provide means for fluid, such as, but not limited to. 
lubricating and cooling fluid, to readUy pass teough the cranlcshaft cavity 304, as 
shown mFig. 1. The crankshaft 300 ftirther comprises bearing lubrication passages 
335, 345. 349 adapted to provide fluid, such as, but not limited to, lubricating and 
cooling fluid, directly to the first, second, and third bearing surfeces 334, 344, 348. 

30 respectively. 

The primaiy role of the crankshaft is to convert flie redprocatmg motion of the 
pistons, as conveyed through the pullrods and pushrods. into rotationalmotion. 
Unbalanced forces acting on a crankshaft result in increased Motion between the 
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crankshaft and its supporting bearings. The existence of unbalanced forces also 
complicates engine design, since the forces mnst somehow be mechanicaUy 
transferred to the supporting structure of the engine, which must be sufficiently sturdy 
to accommodate the forces. In a standard four cylinder in-line engine, for example, 
5 the forces from all four pistons act in the same direction against the crankshaft, and 
literally tons of pressure must be transferred through the crankshaft main bearings to 
the engine structure. A typical four cylinder in-line engine will have five mf\m 
bearings supporting the crankshaft 

Embodiments of engines in accordance with the present inventibn allow for 
10 simpler crankshaft designs, since Qie reactive forces of the mner and outer pistons in 
each cylinder is substantially cancelled Referring to the left cylinder 100 as 
illustrated in Figure 1 , it can be seen that smce the compression and combustion 
forces acting on the inner and outer pistons 120, 1 10 will be substantially equal and 
opposite, fhepfuDrods 411 of the outerpistons 110 will pull against the crankshaft 300 
15 with substantially the same force with which the pushrod 412 of the innerpiston 120 
pushes. The result will be a turning moment on the crankshaft 300, with only very 
minor unbalanced side-to-side and up-and-down forces due to the slightly different 
angles of the pulkods 41 1 and pushrods 412, and die asymmetrical timing of flie 
pistons. The loads on the crankshaft main bearings 325, 355 are thwefore very small, 
20 which eliminates the need for any center main bearings and results in much lower 
friction losses than in an in-lme four cylinder engme of comparable performance. 

Figure 21 is a partial cutaway isometric ^aew of an engine 14, in accordance 
with an embodiment of the present invrntion. The engine 14 comprises a housmg 
1103 containing a left cylinder 1 100, an axiallj' aligned right cjrlinder 1200 opposite 
25 the left cyKnder 1 100, and a crankshaft 1300 located fliere between. The crankshaft 
1300 comprises a crankshaft first end 1306 and a crankshaft second end 1307. 
Coupled to each of the crankshaft first and second ends 1306, 1307 is a balancing 
system 500 described below. 

Figure 22 is a partial cut-away view of a balancing system 500 comprising a 
30 balancmg system housing 514, a counter weight 508, and a planetary gear assembly 
506, in accordance with an embodiment of the present inventioiL The balancmg 
system housing 514 is adapted to be coupled to the engme housing 1 1 03 with 
mounting festeners 512, described below. The planetarj' gear assembly 506 
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cornprises a shaft gear 5 1 8 and a co«tat«ag gear 5 19. Tlae counter weight 
508 i^lndes a shaft aperture 516 that is adapted to be placed coaxial with the cra:ic 
shaft 1300 and free to relate about the cranlc shaft axis 310. The cranlc shaft gear 518 
is adapted to be coaxUl with, coupled to, ai.d driven by the crank shaft 1300, and 
adapted to engage the counter-i-otating gear 519. The counter-rotating gear 519 is 
coupled to the counter weaght 508. By way of example, the crank shaft 1300 drives 
the crank shaft gear 518 in a counter clockwise directic Hie crank shaft gear 518, m 
turn, drives the counter rotating gear 5 19 in a clockwise direction which dnves tiie 
counterweight 508 in a cloclcwise direction. 

The balancing system 500 is suitable for substantially counter-acting against 
the ndnor unbalanced first-order sinusoidal side-to-side and up-and-down forces due 
to the slightiy different angles of thepu]lrods411 and pushrods 412 on &e crank shaft 
1300, and tiie asymmetrical timing of the pistons. Hie counterweight 508 is 
positioned on the crank shaft axis 1 300 at a predetennined angle to substantially 
15 counter act the unbalanced forces. 

Approximately 50% of all friction losses in an engine come from lateral fijrces 
produced by the movement of tiie pulhods 41 1 and pushrods 412 rotating in their 
respective journals, acting on tiie piston, i.e., pushing the pistons against the cylmder 
liBcrbore surface 1139, 1239. A short comiecting rod prodaces high lateral forces 
while a long comiecting roi produces low lateral forces (an infinitely long comiecting 
rod wouldproduce no lateral forces on thepiston at all, but it would also beinfimtely 
largeaiidinfinitelyheavy). It is desired to reduce these lateral forces and flierefore 
friction losses without an increase in connecting rod size or weight 

Referring agam to Figure 9, the pushrods 1412, 1422 are subject only to 
compression loads tiiat eliminate a need for a wrist pin. Tliis is replaced by a concave 
end 1413 1423 of large diameter that sUdes ona mating convex suifece 1125, 1225. 

Refering agam to Figure 3, tiie left and right pulhx,ds 411, 421 are coupled to 
the left and right outer pistons 110, 210 by means of left and right bridges 170, 270. 
Figme 23 is a cross sectional view along the cut line 23-23 of Figure 3 showing tlie 
30 left bridge 170 comprising a bridge concave surfece 173 that is adapted to be slidmgly 
received in convex pull surfece 172 of the right outer piston 210, in accordance vatii 
an embodiment of the present inventioa Abridge bearing 372 is used, such as a 
needle bearing,toreduceiiiefiictionbetweentiie bridge concave surfece 173 and the 
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convex puU surface 172. 

Engine mfh Flnid Dynamic Effect 

Again, Figure 21 is a partial cutaway isometric view of an engine 14 in ' 
5 accordance wifli another embodiment of the present invention. The engine 14 
comprises a housing 1 103 containing a left cylinder 1100, an axially aUgned right 
cylinder 1200 opposite the left cylinder 1 100, and a crankshaft 1300 located fliere 
between. Figure 21 depicts the engine 14 at a crankshaft angle of 270° after TDC of 
ilie left cylinder. 

10 The left cylinder 1 100 comprises a left cylinder liner 1 130, a left outer piston 

11 10 and a left inner piston 1120. The left cylinder liner 1130 comprises a left 
cylinder liner outer surfece 1 132 and a bore defining a left cylinder liner bore surface 
1139. The left cylinder liner 1 130 fiffflier conqjrises a left cylinder liner intake end 
1136 and a left cylinderliner exhaust end 1138. The left cylinder liner intalce end. 

15 1136 comprises a plurality ofleftintate ports 1161 and the left cylinder liner exhaust 
end 1 138 comprises a plurality of left exhanst ports 1 163, which will be fiirtber 
described bdow. 

The left outer piston 1110 comprises a left outer piston head 1 1 1 6 and a left 
outer piston plunger 1118 opposite the left outer piston head 1 1 1 6. The left outer 

20 piston head 11 16 tBnninates at a left outea- piston combustion fece 1111. The left outer 
piston head 1 1 16 is adapted to be slidingly received m close fitting engagement with 
the left cylinder liner bore surface 1139 at the left cylinder liner intake end 1136. 

The left inner piston 1 120 comprises a left inner piston head 1 126 and a left 
inner piston push end 1124 opposite the left inner piston head 1126. Theleftinner 

25 pistonhead 1 126 terminates at a left inner piston combustion fece 1 121. The left 
inner piston head 1 126 is adapted to be sKdingly received in close fitting engagement 
with the left cylinder liner bore surfiice 1 139 at the left cylinder liner exhaust end 
1138. 

The left outerpiston 1 1 10, the left inner piston 1 120, and the left cylinder liner 
30 1130 define a left combustion chamber 1 1 50. 

Similarly, the ri^t cylinder 1200 comprises a right cylinder liner 1230, a right 
outer piston 1210 and a right inner piston 1220. The right cylinder liner 1230 
comprises a right cylinder Imer outer suifece 1232 and a bore defining a right cylinder 
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liner bore surface 1239. The right cylinder li^er 1230 furto comprises a nght 
cylinder liner intake end 1236 and a right cylinder liner exhaust end 1238. The nght 
cylinder imer intalce end 1236 comprises a plurality of right intalce ports 1261 and the 
right cyhnder liner exhaust end 1238 comprises a plurality of right exhaust ports 

5 1263, which wiU be further described below. 

The right outer piston 1210 comprises a right outerpiston bead 1216 and a 

right outer pistonplunger 1218 opposite the right outer piston head 1216. The right 
outer piston head 1216 terminates at a right outer piston combustion face 1211. Tie 
right outer piston head 1 21 6 is adapted to be shdingly received in close fitting 
10 engagement with &e right ci^hnderhner bore surface 1239 at tiie right cylinder hner 

intalce end 1236. 

m right inner piston 1220 comprises a right inner piston head 1226 and a 

right imierpiston push end 1224 opposite tiie right inner piston head 1226. The right 

bner piston head 1226 tenninates at a right inner piston combustion fece 1221. The 

1 5 right inner piston head 1226 is adapted to be shdingly received m close fittmg 

engagement with the right cylmder liner bore sur^cel239at1he right cyhnder liner 

exliaust end 1238. 

The right outer piston 1210, flie right inner piston 1220, and the right cylmder 
liner l'^30 defce a riglit combustion chamber 1250. 
20 'ibe left outerpiston 1110 andfhe right outerpiston 1210 are coupled to a pair 

ofcommonjoumals,outerpistonjommlsl311,on1hecranlcshaftl300. Theleft 
inr^erpiston 1120 and the right inner piston 1220 are coupled to a common jouoaal, an 
inner piston journal 1312. Tbe crankshaft 1300 willbe further described below. 

The left outerpiston 1110 of the left cyhnder 1100 is coupled to the crankshaft 
25 l300bymeansofapairofleftpullrodsl411,oneonei1hersideof1hecylinderllOG. 
Similarly.theright outer piston 1210of the right cylinder 1200 is coupled to the 
crankshaft 1300bytworightpuUrods 1421. TT.e left and right pullrods 1411, 1421 
are coupled to the left and right out^r pistons 1110, 1210 by means of bridges 1170, 
■ 1270 that ride on convex surfeces 1 172, 1272 on the left and right outer pistons 1110, 
30 1210. 

Tbe left hmerpiston 1120 of the left cylinder 1100 is coupled to the cranlcshaft 
1300 by means of a left pushrod 1412; the right mner piston 1220 of the right cylinder 
1200 is aniilarly coupled to the crankshaft 1300 by a right pushrod 1422. The 
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left/right pushrods 1412, 1422 have Isft/right concave ends 1413, 1423 that ride on 
. lefi/right convex surfaces 1125, 1225 on the left/right inner piston push ends 1 124, 
1224 of the lefi/right innerpistons 1120, 1220, respectively. The left/right pushrods 
1412, 1422 and the lefi/right convex surfiices 1125, 1225 will be further described 
5 below. 

The four pistons 1110, 1120, 1210, and 1220 have apluiahty of piston rings 
1 1 12, 1 122, 1212, and 1222, respectively, located both behind the combustion faces 
1111,1121, 1211, 1221 and further along the piston heads 1116, 1118, 1216, 1218 to 
prevent the escape offluid from between the piston heads 1116, 1118, 1216, 1218and 

10 theboresuifece 1115, 1215. 

The housing 1 103 is ad^ted to house the left cylinder 1 1 00, the right cylinder 
1200, and the crankshaft 1300. The housing 1 103 comprises a left cyhnder cavity 
1104, a right cylinder cavity 1204, and a crankshaft cavity 1304, adapted to house the 
left cylinder 1100, the right cylinder 1200, and the crankshaft 1300, respectively. The 

15 left cyhnder cavity 1 104 defines a left plunger bore surface 1 106 and temiinates with 
a left housing end c^ 1 107. The left plunger 1 1 07 is adapted to be slidmgly received 
in close fitting engagement with the left phinger bore surfece 1 106, The left plunger 
1 107, the left housing end cap 1 107, and the left plunger bore surface 1 106 define a 
first left scavenging chamber 1105. 

20 The left cyhnder cavity 1 104, the left plunger 1 1 07, the left cylinder hner 

1 1 30, and the crankshaft 1300 define a second left scavenging chamber 1 109. The 
second left scavenging chamber 1 109 is in open fluid communication with the 
cranlcshaft cavity 1304 permitting flow offluid freely there through. 

Sunilarly, the right cylinder cavity 1204 defines a right plunger bore surfece 

25 1206 and terminates with a right housing ^d cap 1207. The right plunger 1207 is 
adapted to be slidmgly received in close fittmg engagement wifli the right ptonger 
bore surfece 1206. The right plunger 1207, the ri^t housing end cap 1207, and the 
right plunger bore surfece 1206 define a first right scavenging chamber 1205. 

The right cylinder cavity 1204, the right plunger 1207, flie right cyhnder liner 

30 1230, and the crankshaft 1300 define a second right scavenging chamber 1209. The 
second right scavenging chamber 1209 is in open fluid conmmnication wift the 
crankshaft ca^dty 1304 pennittmg flow offluid fi:eely there through. Consequenfly, 
therefi)re, the second left scavengmg chamber 1 109, the crankshaft cavity 1304 and 
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the second right scavenging chamber 1209 are in open fluid conmnmicalion 
permitting flow of fluid freely there between. 

The fiee-flow of fluid between tlie second left scavenghig chamber 1109, the 
cranlcsbaft cavity 1304 and the second right scavenging chamber 1209 p^o^^des a 
5 fluid dynamic effect of the fluid contained within. This fluid djTiamic effect has the 
effect of preferentially increasing the pressure of the scavenging fluid at the opportune 
time during the opening phase of liie left and right mtake ports 1161, 1261. A 
description of a engine cycle wiU explain tliis effect more clearly. 

Assume that the left cylinder 1 1 00 is undergoing a power stroke wherem flie 
10 crankshaft 1300 is at "bottom dead center" (BDC). During the power stroke, the left 
outer piston 1 1 10 and the left inner piston 1210 are driven apart by flae high pressure 
fluid within the left combustion chamber 1150 produced during combustion. The left 
outerpiston UlOandfhustheleftouterpistonplunger lUSisdriventowardslheleft 
housmg end cap 1107, which m turn decreases the volume, and increases the pressure, 
15 within the first left scavenging chamber 1105. At a predetermined pressure, a one- 
way valve 168 (See Figure 3) mthmthe left outer piston plunger lllS releases high- 
pressure fluid from the first left scavengmg chamber 1105 into the second left 
scavenging chamber 1 109. At a predetermined time during &e bi^pressure fluid 
release from the fhst left scavenging chamber 1105, the left mtalce ports 1 161 are 
20 opened to permit high pressure fluid to enter the left combustion chamber 1150. 

Simultaneously with the initiation of the power stroke of the left cylmder 
1100, the right cyhnder 1200 undergoes the initiation of a compression stroke. 
During the compression stroke, the right outer piston 1210, and flms, the rigjit outer 
piston plunger 1218 are driven towards die direction of the crankshaft 1300, and liius 
25 the left cyhnder 1100. This has the effect of compressmg the fluid contained wiHim 
the second right scavengmg chamber 1209, driving the fluid through the right intalce 
ports 1261 when open, as weU as driving the fluid through the crankshaft chamber 
1304 and mlo the second left scavenging chamber 1109, raismg the pressure within 
the second left scavengmg chamber 1 109. 
30 The fluid pressure wave created by the forward momentum of the fluid within 

the second right scavengmg chamber 1209 arrives in the second left scavenging 
chamber 1 109 as the left outerpiston 1110 moves in the compressive stroke toward 
the crankshaft 1300, and while the left intake ports 1161 are open, even as the right 
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outer piston 1210 begins to move in the opposite direction away ftom the cranlcshaft 
1300, closing the left exhaust ports 163 and further compressing the intalce fluid in the 
left combustion chamber 150. This fluid pressure wave airives at the open left intake 
poits 1 161 effectively mcreasing the pressure of the intalce fluid for scavenging. 
5 Figure 24 is a schematic top view of an engme 13 comprising a plurality of 

OPOC engines 1 1, shown herein with four engines 11, coupled to a common 
cranlcshaft 300 having an axis 310 in side-by-side parallel relationship, in accordance 
with an embodiment of the present invention. Engines 13 of this configuration are 
characterized by simply coupling additional engines 1 1 to the common ciankshaft 300 
1 0 for providing additional power output in a relatively flat profile package. 

Figure 25 is a schematic front view of an engine 16 comprising a plurality of 
an odd number of OPOC engine cyhnders 1 5, shown herein with three engine 
cylinders 15, coupled to a common crankshaft 300 in an equally-spaced radial 
relationship, in accordance with an embodiment of the present mvention. Engines 16 
15 of this configuration are characterized by simply coupling additional engine cyhnders 
15 to the common crankshaft 300 for providing additional power output. In other 
embodiments, additional engines 16 are coupled to the conunon crankshaft 300 in a 
parallel relationship, such as shown in Figure 24. 

Figure 26 is a schematic fi-ont view of an engine 1 8 comprising a plurality of 
20 OPOC engines 11, shown herein with two engines 11, coupled to a common 
crankshaft 300 in an equally-spaced radial relationship, in accordance with an 
embodiment of the present invention. Engines 18 of this configuration are 
characterized by simply coupling additional engines 1 1 to the common crankshaft 300 
for providmg additional power ou^ut. In other embodiments, additional engines 18 
25 are coupled to the common crankshaft 300 in a parallel relationship, such as shown in 
Figure 24. 

Multi-engines, such as those diown above, provide additional power 
flexibility by providmg a relatively simple means for decouphng one or more of the 
engines from the crankshaft for incremental power reduction. 
30 The above is a detailed description of particular embodiments of the invention. 

It is recognized that departures fiom the disclosed embodiments may be within the 
scope of tins invention and that obvious modifications will occur to a person skilled in 
the art It is the intent of the appKcant that the invention include alternative 
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implementatiom Icnown in lie art that perf onn the same functions as those disclosed. 
TMs specification should not be construed to unduly nairow Uie Ml scope of 
protection to which the invention is entitled. 

The coiresponding snnctures, materials, acts, and equivalents of aU means or 
step plus ftmction elements in the claims below are mtended to inchide any structure, 
material or acts for performing the fimctions in combination with other claimed 
elements as specifically claimed. 
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WHA.TIS CLAIMED: 

1 . An internal combustion engine comprising: 

two opposed cylindeis, each cylmder having a cylinder Uner adapted to 
accept two opposed pistons therein defining a combustion chamber 
5 therebetween, the opposed pistons adapted to reciprocate along a 

common axis, the cylinder liner further comprising intake ports and 
wdiaust ports; 

a crankshaft diq.osed between the cyhnders, the crankshaft comprising 
journals; 

a hoosmg adapted to house flie cylinders; and 
a scavenge pump associated with each cylinder, the scavenge pump 

comprising a first soavengmg chamber and a second scavenging 
chamber, the first scavengmg chamber defined by an end of the 
housing and a phmger huked to one of flie opposed pistons distal from 
the crankshaft, wherein flie plunger is adapted to move in unisoB with 
the piston and to draw m a fluid fi:om outside the housmg and to expel 
fluid to the second scavenging chamber, the second scavenging 
chamber adapted to expel fluid into the combustion chamber through 
the intake ports. 

20 

2. The engine of claim 1 wherein the second scavenging chamber of each of the 
two cyhnders are in fluid communicatioiL 

3. The engme of claim 1 wherein the crankshaft has asymmetrically arranged 
25 journals, the engine further comprismg: 

pushrods couphng one of the two opposed pistons proximate the 
crankdiaft to at least one shared journal; and 
• pulhiods conphng one of the two opposed pistons distal the crantehaft to at 
least one shared JoumaL 
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The engine of claim 1 wherein the second scavenging chamber of each of the 
two cylmders are not k fluid communication. 
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Tie cngh^ of olai. 1 -l- P''' °* PU«. co»^ 

pi«c. di^l 6<» -"^ 
cimkstoft, the engine SiltoooWMiBg: 

,Uea«.onepu*odinn^e^S-«--*-'°f*''-^^7"" 
a fc, end and coupled » at least o« io-m^ on c,=nteW 

a, a second end, wbccm a.l«s, one pnslnod con^ a second end 

comprising two tangs; and 
.tle.tonepullrodin.rgingengagexnentwitheaol.of*eouterp.stons 

and coupled to at least one ahaxed journal on the cranlcshaft 



6 An internal combustion engine oompnsmg: 

atleastt.. opposed cylinders, each comprising one pair of opposed 
pistonsreciprocatingalongacommonaxis.andanendofeach 
,5 opposedpisto:.inconjnnctionwi1hacylinder,definingacombustton 

chamber; and 

acranksl^havingatleastonejot^conpledtoatleastonepullroda^ 
at least one pushrod for a pair of opposed pistons. 

,0 7 mengineofclaimfi^intbeonepairofopposedpistonscomprisesa 

^stinntpis.nandasecondinnerpiston,eachim.erpis.nhn.edtoapu^ 
^atoneendandeachpushrodatasecondendengagedtofl.eonejomnaL 

8 The«.giBeofclaim6wherein1i.ecomxectingelementscomprise: 
,5 afodcedpnshrodcomprisingtwotangsoonnectedtooneinnerprstonand 
int^locldngpusbrodcomxectedtoacorrespondingopposttemner 



piston, boih push rods being movable on a common axis. 

9 The engine of Qaim 6 feflier comprising: 
30 ■ abearingolementdisposedbetweeo.1hefoxicedpushrodandthe 

interlocking push rod at the connecting rod. 
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The engine of claim 9 fiirther comprising: 

a scavenge pump associated with each cylinder, the scavenge pump 
comprising a first scavenging chamber and a second scavenging 
. chamber, flie first scavenging chamber defined by an end of a housing 
and a plunger linlced to one of the opposed pistons distal fi-om the 
crankshaft, wherein the plunger is adapted to move in unison wth the 
piston and to draw in a fluid from outside the housing and to expel 
fluid to liie second scavenging chamber, the second scavenging 
chamber adapted to expel fluid into the combustion chamber. 

The connecting rod of claim 9 fiirther comprismg a lubrication port and 
associated conduit so that so that a lubricant may be presented to the bearing 
element 

The engine of claim 6 \^eran fiie crankshaft is a built-up crankshaft. 

An internal combustion engine comprising; 

two pairs of opposed pistons reciprocating along a common axis, and an 
end of each opposed piston, in conjunctian with a cyliader, defining a 
combustion chwabcr^ 
a connecting element linking eacli piston at an end of the piston opposite 
the combustion side, wherein at least a pair of connecting elements are 
movably aligned substantially along a common axis. 

The engine of claim 13 further comprising at least two pairs of connecting 
elements wherein each pair is ahgned on an associated common axis. 

An engine comprising: 

an internal combustion engine comprising two opposed cylinders, each 
cylmder comprising at least one pair of opposed pistons reciprocating 
along a common axis, and an end of each opposed piston, in 
conjunction with a cylinder, defining a combustion chamber; 
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a crankshafi comeoted to at least one pxston by at least oae conneotrng 
element, the mnlcshaft having at least one jouma] for coupling the 
connecting element; and 
a scavenge pnmp associated with each cylinder, the scavenge pump 
comprising a first scavenging chamber and a second scavenging 
chamber, the first scavenging chamber defined by an end of a housing 
and a plunger linked to one of the opposed pistons distal from the 
crankshaft, whereit the plunger is adapted to move in unison ^ lie 
piston and to draw in a fluid fi:om outside housing and to expd 
fluid to the second scavenging chamber, the second scavenging 
chamber adapted to expel fluid into the comlmstion chamber. 

16. The engine of claim 15 wherein external radiating fins are disposed externally 
around a portion of the cylinder for heat transfer. 

17. Theengineofclaiml6wherein1teiadiatingfinscomprisefinsWga 

lielical pattern. 

18 An engine comprising: 
20 an internal combustion engine comprising at least two opposed cylinders, 

each cylinder comprising at least one pair of opposed pistons 
xeciprocating along a common axis, and an end of each opposed piston, 
in conjunction with a cylinder, defining a combustion chamber, and 
the pair of opposed pistons comprising an imier piston and an outer piston; 
the cylinder comprises at least one exhaust port disposed so that 

reciprocation of the inner piston opens and closes &e exhaust port, and 
at least one intake port disposed so that reciprocation of the outer 
piston opens and closes the intake port; 
a crankshaft linked to the inner piston by a push rod, and Uie cranlcshaft 
Ihiked to the outer pistonby an pull rod wherein rotation of the 
crankshaft causes asymmetric port timing. 
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The engine of claim IS further comprising: 

a scavenge pmnp associated with each cylinder, the scavenge pump 
comprising a first scavenging chamber and a second scavenging 
chamber, the first scavenging chamber deJBned by an end of a housing 
and a plunger linked to one of the opposed pistons distal from the 
crankshaft, wherein the plunger is adapted to move in unison with the 
piston and to draw in a fluid firom outside the housing and to ej^el 
fluid to the second scavenging chamber, the second scavenging 
chamber adapted to expel fluid into the combustion chamber. 

The engine of claim 19 wherein the crankshaft journals are arranged to present 
the opening of tiie intake port after the closing of the exhaust port. 

The engine of claim 1 8 wherein the crankshaft is adapted so that there is a 
phase angje of about 20 degrees between the intake ports and the exhaust 
ports. 

An engine comprising: 

a piston disposed in a cylinder, one end of the piston cooperating with the 
cylinder to form a combustion chamber, the other end of the piston 
linked to a phmger, the plunger moves in unison with the piston; and 

a scavenge pump associated with the engine, the scavenge pump 
comprising 

a first scavenge chamber adapted to receive the plimger. 

The engine of claim 22 wherein the scavenge pump further comprises 

a second scavenge chamber in fluid coimnunication with the first chamber; 
and 

a ttansfe valve disposed between the first fluid chamber and the second 
fluid chamber so that fluid displaced by the plunger may be directed in 
one directioiL 
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24. The engine of claim 22 wherein the scavenge pump further comprises: 

a fluid liansfer conduit havmg a transfer valve, Hie fluid tonsfer conduit 
being in fluid communication with the first scavenge chamber so that 
an external fluid may be introduced to the assembly. 

25. The engine of claim 22 wherein the cyhnder further comprises at least one 
intalce port in fluid communication with the scavenge pump so Ihat reciprocatmg 
motion of tlie plunger directs an external fluid into the cyhnder. 
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